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ABSTRACT
The work presented in this dissertation attempts to form an understanding of
the reaction parameters that govern the reaction of telechelic polymers to form
multiply bound polymer chains, resulting in polymer loop formation, at both soft and
hard polymeric interfaces. Both theoretical and experimental studies offer evidence
that blocky copolymers, as opposed to random or alternating morphologies, are the
best compatibilizers of a given polymer blend system. This has been attributed to the
fact that blocky copolymers spread across the interface, with each block lying in or
near the homopolymer region in which it is miscible, effectively “stitching” the
interface together. The “loops” formed at the interface by each block of the
copolymer entangle with the homopolymer chains of its respective region and can
lead to finer dispersion and less coalescence of the minor phase during melt
processing. We believe that interfacial loop formation is not only important to the
compatibilization of immiscible polymer/polymer blend systems, but can be applied
to compatibilization efforts on filled polymeric nanocomposite systems as well.
The aim of the first portion of this study was to gain a fundamental
understanding of the kinetics of the in-situ formation of blocky copolymer molecules
at a soft, immiscible, biphasic polymer interface by the reaction of telechelic
polymers across the interface, as well as gain an understanding of the parameters that
govern this reaction. The changes in interfacial morphology that resulted from this
reaction were also examined. Specular neutron reflectivity measurements were made
on bilayer PS/PMMA samples, containing dPS telechelics and PMMA monochelics,
with varying reactive groups, after various annealing times. Three reactive pair
iii

systems, epoxy-carboxy, epoxy-amine, and anhydride-amine, were studied. We
investigated the effects of annealing time, telechelic functionality, and telechelic
molecular weight on the kinetics and resultant interfacial morphology of the blend
systems. The thickness of this interfacial modifier layer, as well as the roughness
between the matrix layers, increased with annealing time for all systems studied,
albeit, to varying degrees. Lower molecular weight telechelics led to greater
interfacial widths and interfacial excess values for all reactive pairs investigated.
When the molecular weight of the telechelic was low (<80K g/mol), the measured
interfacial excess values at the longest anneal times were all above the theoretical
value above which the interfacial tension should have been reduced to zero, and in all
cases the interfacial widths were much greater than for the higher molecular weight
telechelics. For the case of the epoxy-carboxy and epoxy-amine reactive pair
systems, the reaction is shown not to be diffusion-limited, as most theories of the
interfacial reaction of functionalized polymers predict. This was supported by the
fact that the reaction kinetics were vastly different when the telechelic molecular
weight was held constant and only the functional groups were varied. The question
of whether the anhydride-amine reactive pair system follows diffusion-limited
kinetics could not be unambiguously elucidated. The anhydride-amine reaction
showed the fastest kinetics, followed by the carboxy-epoxy and epoxy-amine
systems, respectively. While the total interfacial widths at the longest anneal times
were similar for the epoxy-carboxy and anhydride-amine systems, the interfacial
excesses were greater for the epoxy-carboxy system at a given telechelic molecular
weight. This is attributed to the epoxy-carboxy system samples possibly displaying a
iv

microemulsion or micelle formation at the interface due to a greater reduction in
interfacial tension.
We also believe that this idea of interfacial loops formation can be utilized in
the compatibilization of filled polymeric nanocomposites. Many properties of a
polymer system can often be improved with the addition of organic or inorganic
fillers. However, many of the fillers used, such as layered silicates and carbon
nanotubes, display unfavorable thermodynamic interactions with the polymer matrix
and result in alloys that tend not to mix very well. By forming polymeric loops on
filler particle surfaces, we believe that entanglements between the surface bound
loops and the matrix polymer chains will lead to finer filler dispersion, improved
interfacial strength, and ultimately the enhanced property improvements promised by
polymeric nanocomposites. Towards this goal, we undertook work to attempt to form
surface bound polymeric loops and to understand the reaction parameters that govern
multiply bound polymer chain formation on hard surfaces. For this work, we have
studied a model system consisting of an epoxy functionalized silicon substrate and
dicarboxy terminated polystyrene to monitor the reaction conditions leading to the
formation of surface bound molecular loops. Techniques including ellipsometry,
goniometry, and X-ray photoelectron spectroscopy were used. We were able to prove
that the reaction of telechelic polymers can, indeed, produce surface functionalization
layers that are primarily composed of multiply bound polymer loops. Contact angle
measurement analysis suggests that more than 80% of the surface area is covered
with PS chains as opposed to unreacted chain ends, leading us to believe that we have
many loops, as opposed to singly bound tails, present in the surface layers. We were
v

also able to form very dense loop layers on our model surfaces as evidenced by the
fact that bulk PS would not wet the loop modified surfaces even under pressure and
heat. This led us to conclude that control over the density of surface reactive sites,
i.e. control of grafting density, could allow the tailoring of loop layer wettability and
other surface properties that could have applications in other fields, such as tribology.
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Chapter 1
INTRODUCTION

1.1 Multicomponent Polymeric Materials
Designing polymeric materials that display certain industrially useful
properties or that satisfy new markets is a prime research goal of the polymer
industry. Yet the research and development costs as well as the time scale necessary
to develop novel monomers and/or polymers for these applications can be huge. In
contrast, it has been shown that the blending of two or more different polymers offers
the opportunity for the development of polymeric materials with useful and targeted
combinations of properties.1 If the two (or more) components of the blend are
miscible, the blend itself has been observed not only to display many properties, such
as glass transition, thermal and chemical resistance, and mechanical properties,
somewhere between those of the two unblended polymers2, but synergistic effects are
also possible, resulting in blends that display an enhancement of certain properties
beyond the capabilities of either of the lone homopolymers that make up the blend.3
Thus, blending polymers offers a method to create new polymeric materials, with a
desirable set of tunable properties, much more efficiently and economically than
developing novel monomer synthesis. As evidence of the usefulness of this blending
technique, approximately 30% of all plastics sold in the world in 1996 contained
more than one polymer, and this number continues to grow each year.4

1

1.2 Polymer Miscibility
Unfortunately, there is one major difficulty that, in general, hinders the
blending of two or more polymeric materials: most polymers are immiscible with
one another. In order to understand why most polymer blend systems are immiscible,
and begin to try to improve this miscibility, one must take a brief look at the
thermodynamics of polymer systems in general. A polymer blend containing two
homopolymers can be thought of as a polymer solute being dissolved in a polymer
solvent. If we consider the system as we would a small molecule system, and look at
the equilibrium thermodynamics of the system, Equation 1.1 defines the free energy
of mixing, !Gmix.
"Gmix = "H mix # T"Smix

(1.1)

In Equation 1.1, !Hmix is the enthalpy of mixing and !Smix is the entropy of mixing. If
! system will be spontaneously miscible, and when !G is positive
!G is negative the

the two polymers will be immiscible. In the early 1940’s, Flory published his theory
and model of the thermodynamics of polymer mixtures that sought to take into
account the differences observed experimentally for polymer solutions and blends as
opposed to analogous small molecule systems. The resultant mean-field theory
places the polymer chains on a lattice and uses statistical mechanics to derive an
analytical expression for the !Gmix of two polymers. The result is Equation 1.2,
known as the Flory-Huggins equation.5,6
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In Equation 1.2, V is the total volume of the sample, R is the gas constant, T is the
absolute temperature, Ni is the degree of polymerization of the ith component, "i is
the volume fraction of the ith component, #i is the molar volume of the ith
component’s chains, # is the arbitrary reference volume, here defined as (#1#2)0.5, and
$ is called the Flory interaction parameter.7 The first two terms in this equation
account for the entropy of mixing of the system and the last term represents the
interaction enthalpy. It is known that for polymer/polymer mixtures the entropy gain
upon mixing is relatively small. The chains of each homopolymer are randomly
entangled with each other before mixing and are, therefore, already highly disordered.
While the entanglements formed between different homopolymer chains increases the
disorder in the system, the increase in the overall entropy of the system is only
incremental. The last term in Equation 1.2 contains the enthalpic contribution to the
free energy of mixing for the system. For most polymer blends, $ is positive,
meaning there is a repulsive interaction between segments of the different polymer
chains in the blend, and the magnitude of this interaction is often significantly larger
than the change in entropy that results from the mixing of the polymer chains. Thus,
the very small change in entropy, !Smix , for most polymer blends is not large enough
to overcome the relatively large enthalpy change, !Hmix, that occurs when unlike
polymers are blended. Thus, for most blends, !Gmix is positive and the system is
immiscible.
1.3 Polymer Phase Separation
When two small molecule immiscible components are blended together, such
as the classic example of oil and water, they phase separate and domains containing
3

primarily oil and domains containing primarily water are formed. When equilibrium
is reached, the oil will have collected in a continuous phase that is a majority oil and
the water will have done likewise, with the two phases separated by a sole interface
formed with as little surface area as possible so as to minimize the enthalpically
disfavorable interactions between the two phases, as discussed earlier. Much the
same happens in a macromolecular system, with a few distinct differences. When
two or more immiscible polymers are blended together, two distinct phases are
formed, each one containing primarily one component of the blend. The difference
from the small molecule analog case is a result of the limited mobility of
macromolecules when compared to small molecules. While the system will
theoretically attempt to form two continuous phases, each containing a majority of
one of the components of the blend, separated by a sole interface, the limited mobility
of the polymer chains prevents this mass separation on reasonable time scales.
Instead, small, often spherical domains of the minor phase are formed in a matrix of
the major phase, with the size of the minor phase domains dependent on several
factors to be discussed later. For most polymer blend systems, the minor phase
domain size only reaches micron to sub-micron length scales and then stays relatively
constant, even over long time scales, as a result of the limited mobility of the domains
and polymer chains due to entanglements, small diffusion coefficients, etc.2 When
working with immiscible polymer blends, one can expect to find some properties of
the blend that are significantly different from either of the homopolymers. Thus, if
the length scale of the minor phase domains and certain properties of the interface can
be selectively tuned, many properties of the blend can be controlled and optimized.
4

Consequently, the size scale of the minor phase domains, and especially the interface
between phases, plays an important role in the final properties of any polymer blend.
1.4 Polymeric Interfaces
The interface between the phases of a multicomponent system is of utmost
importance to any discussion of the properties of a blend as well as any discussion of
compatibilization of the system. First, the only interactions of the different phases of
the blend occur across the interface, and, as there is a repulsive interaction between
the immiscible polymers of the blend, the enthalpic driving force for phase separation
of polymer blends is located there.2 The general term for the sum of all the enthalpic
interactions that take place at the interface is interfacial tension, and this will be an
important parameter in our ensuing discussion of the compatibilization of immiscible
polymer blends. Second, the mechanical properties of a multicomponent system are
critically dependent on the strength of the interface, or the blend’s ability to transmit
stress from one phase to another. The strength of this interface, referred to as the
interfacial adhesion, impacts how the system will respond to stress, as the interfaces
are often the mechanically weakest points of a multicomponent polymeric system. If
the interfacial adhesion is too weak, the system will separate or fail at the interface
and the sample will be more brittle than either of the individual homopolymer
components. This is why many immiscible polymer blends display poor mechanical
properties when compared to those of either separate component.3
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1.5 Polymer Blend Compatibilization
A. Compatibilization Defined
In the above discussion of the thermodynamics of polymer blends, the term
compatibilization was mentioned. We will now attempt to define compatibilization
and some related terms, including reactive compatibilization, and briefly discuss the
thermodynamics of these processes as well. A system with a negative free energy of
mixing is said to be spontaneously miscible, while a positive !G means a system is
immiscible. Because it has been shown that immiscible polymer blends can display
desirable and tunable properties based on the morphology of the blend, however,
polymer chemists also seeks to characterize how far an immiscible polymer blend is
from true thermodynamic miscibility. Since the value of !G for an immiscible
polymer blend has been shown to be a result of the enthalpic contribution of mixing,
and the only interaction of the separate components of the blend occurs at the
interface, the enthalpic driving force for phase separation of the immiscible blend also
occurs at the interface.2 In order to minimize these disfavorable interactions, an
immiscible blend will seek to minimize the interfacial area present in the final
morphology. Thus, it can be inferred that the more compatible a blend, the less
disfavorable the interactions between the separate phases, and the more interfacial
area allowed in the blend. A highly compatible blend can display a morphology that
incorporates more finely dispersed domains of the minor phase in a matrix of the
major phase relative to a weakly compatible blend. This morphological definition of
compatibility depends on the interfacial tension of the blend.

6

Another measure of the compatibilization of an immiscible polymer blend that
is closely related to the above morphological definition is the suppression of droplet
coalescence during and after processing. If an immiscible polymer blend is subjected
to a shear force, the droplets of the minor phase can be broken apart into smaller
domains, which in turn increases the interfacial area. When the shear force is
removed, however, and the polymer chains are still mobile, i.e. the blend is still above
the melt (Tm) and/or glass transition (Tg) temperature, the blend will attempt to again
minimize the interfacial area though a process known as droplet coalescence. This is
the process by which the smaller droplets of the minor phase will come together and
form larger droplets. As any compatibilization scheme attempts to reduce the
magnitude of the negative enthalpic interaction between the immiscible phases in a
polymer blend which results in greater interfacial area, compatibilization can be
defined in terms of the ability to prevent droplet coalescence, resulting in a finer
dispersion of the minor phase in the blend during and after high temperature
processing.
However, not all properties of a polymer blend are maximized at true
thermodynamic miscibility and thus, compatibility can also be related to the
optimization of any particular property of the blend.2 The level of compatibility is
often related to the improvement of the mechanical properties of the blend, which
may be related to an increase in the interfacial adhesion of the blend. For this
discussion, we will define compatibilization in terms of both an increase in interfacial
adhesion and the dispersion of the minor phase in the final morphology of the blend.
A blend that has been modified in such a way as to lower the interfacial tension and
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increase the interfacial adhesion should result in a blend that displays increased
dispersion (i.e. larger interfacial area) and/or increased mechanical properties, and, as
such, we will attempt to measure these properties to determine if compatibilization
has been realized in the polymeric systems investigated in this work.
B. Compatibilization Schemes
Only after a through understanding of the thermodynamic forces acting at the
interface of an immiscible polymer blend was attained, which has come about only
within the last 20-25 years, could scientists begin to effectively study ways to
compatibilize these immiscible systems. Several different schemes have emerged
that attempted to decrease the interfacial tension, increase the interfacial adhesion,
prevent droplet coalescence, or some combination thereof, or otherwise decrease the
enthalpic barrier to miscibility of the immiscible blends.
Several of these compatibilization efforts seemed promising, but two stand out
as the most investigated. Pearce et al. showed as early as 1984 that modifying one of
the homopolymers in a blend to provide a favorable enthalpic interaction with the
other polymer in the blend increased the compatibility, even to the point of true
thermodynamic miscibility.8 They showed that polystyrene modified to contain as
little as 3.9 mol % vinyl phenyl hexafluorodimethyl carbinol, which facilitates
hydrogen bonding, was thermodynamically miscible with poly(methyl methacrylate),
while pure polystyrene and poly(methyl methacrylate) are known to be immiscible.
The enthalpically favorable hydrogen bonding that occurs upon mixing drives the free
energy of mixing below zero and the blend becomes miscible. This modification of
the PS was shown by Pearce et al. to lead to complete miscibility over a large
8

composition range for several blends containing the modified PS that were otherwise
highly immiscible. This work, along with others9-11, proved that the incorporation of
hydrogen bonding could lead to compatibilization, or true miscibility, of previously
immiscible polymer blends.
The other method, which has garnered the most attention of any
compatibilization effort, is the incorporation of copolymer at the interface of an
immiscible system. Copolymers can be classified by their architecture, which defines
how the monomers that make up the copolymer are connected within each copolymer
chain. The following discussion will focus on copolymer chains that are made up of
two different monomers, which will be generally defined as A and B. A schematic of
several common copolymer architectures can be seen in Figure 1.1. The simplest
discussion of copolymer compatibilization of immiscible polymer blends involves the
case of diblock copolymer surfactants. If a diblock copolymer, AB, is introduced into
an immiscible blend of homopolymers A and B, the copolymer will generally diffuse
to the interface due to the enthalpic drive for the A segment of the copolymer to
reside in the A-rich phase and the B segment of the copolymer to reside in the B-rich
phase. If the length of each segment is above the entanglement molecular weight for
that component, the segments of the copolymer will entangle with their respective
phases and thus strengthen the interface of the blend, as there are more entanglements
or favorable interactions formed across the interface.12 This is also expected to
reduce the interfacial tension and prevent droplet coalescence, thus aiding in a finer
dispersion of droplets of the minor phase within a matrix of the major phase. Much
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If A is one monomer and B is a different monomer:
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Figure 1.1. Schematic of the different types of copolymer architectures.
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experimental evidence has been gathered that proves this is, in fact, the case.13-20
While diblock copolymer surfactants have been shown to increase interfacial area,
increase interfacial strength, and retard droplet coalescence in many different polymer
blend systems, one major difficulty with adding diblock copolymer surfactants to an
immiscible blend is that they often phase separate from the homopolymers in the
blend and form micellar structures containing mostly copolymer.21,22 This is
detrimental to the compatibilization effort, and thus, contributed to the investigation
of other copolymer architectures as compatibilizing agents.
Diblock copolymers are not the only copolymer chain architecture that has
shown the ability to compatibilize polymer blends, however. Research by Russell
and coworkers has shown that triblock and random copolymers added to an
immiscible blend can also act as compatibilizing agents.23,24 Eastwood and coworkers
have further shown that A-B multiblock or blocky type copolymers can aid in
compatibilization when added to immiscible A-B polymer blends.25,26 Inoue et al.
have shown that a graft copolymer, in an AB blend, consisting of an all A backbone
with all B “teeth” or “arms” or vice versa, can act to compatibilize blends as well.27
Thus, it has been well established that an AB copolymers, whether blocky, graft, or
random, can usually act in varying degrees as a compatibilizer in an A/B polymer
blend.
1.6 Effect of Copolymer Architecture on Compatibilization
It is of utmost importance to understand how copolymer architecture affects
compatibilization ability and a great deal of theoretical and experimental work has
been carried toward this end.24,26,28-41 While nearly all copolymer architectures have
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been shown to compatibilize biphasic polymer blends to some degree, there are
significant differences in the magnitude of the compatibilization capacity of different
copolymer architectures. Block or blocky type copolymers have shown the most
promise, both theoretically and experimentally, as compatibilization surfactants in
polymer blends. Noolandi theorized that multiblock copolymers, where each block is
above entanglement weight, that undergo multiple crossings of an immiscible
polymer/polymer interface would act as the best interfacial modifiers, as they allow
for physical entanglements with the homopolymers of the blend.42 Dadmun further
studied this idea with Monte Carlo simulations that showed that certain copolymers,
including blocky type copolymers, spread out perpendicular to the interface and enter
both homopolymer regions, thus allowing entanglements across the interface,
whereas purely alternating or random copolymer morphologies lead to more
spreading out of the copolymer parallel to the interface.28 A schematic of this
spreading out of the copolymers at an interface can be seen in Figure 1.2. Balazs et
al. also used Monte Carlo simulations to show that the more interfacial crossings that
a copolymer makes across an immiscible interface, the better the compatibilization
capacity.35 This theoretical and simulation-based work has also been supported by
experimental studies on the effectiveness of copolymer surfactants to modify an
immiscible polymer blend interface. Russell et al. used secondary ion mass
spectrometry to prove that triblock copolymer surfactants do, indeed, migrate to the
interface and adopt a hairpin configuration, forming loops across the interface.24
Russell was also able to prove that the blocks of the triblock surfactant spread out
perpendicular to the interface. He also found that in cases where the interface had not
12

A.

B.

Figure 1.2. Schematic of how various copolymer architectures behave at biphasic
polymer blend interfaces. In A, blocky type copolymers spread out perpendicular to
the interface. In B, more random or alternating morphologies lie much more parallel
to the interface.
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been completely saturated with copolymer, the triblock copolymer led to a greater
decrease in interfacial tension, and consequently, a greater interfacial width, than did
a similar diblock copolymer surfactant. Eastwood et al. showed that blocky
copolymer surfactants were an order of magnitude more efficient at strengthening a
poly (vinyl chloride)/polyolefin elastomer system than was a random copolymer of
the same composition, based on peel tests to determine the interfacial strength of
these systems.25 Eastwood also showed, by studying a model PMMA/PS system
compatibilized with multiblock copolymers, that the more and longer blocks a
copolymer contains, assuming each block is above the entanglement molecular
weight, the better compatibilizer it is in a given system.26 Using ADCB analysis to
test the interfacial strength in copolymer modified blends of PS and PMMA,
Eastwood found that at copolymer coverages above the interfacial saturation limit,
using copolymers of similar total molecular weight, pentablock copolymer was the
best compatibilizer, followed by triblock, diblock, and heptablock copolymers,
respectively. The fact that the heptablock copolymer offered the least
compatibilization capacity was attributed to the fact that the block length in this
copolymer was below the entanglement molecular weight of either PS or PMMA,
while the block molecular weight was above this critical value for all of the other
copolymers studied. In a similar experiment, he also found that for three different
molecular weights of a similar triblock copolymer studied, the greater the block
length, the greater the compatibilization capacity of that copolymer.
All of this work leads to the concept that blocky copolymers, as opposed to
random or alternating morphologies, are the best compatibilizers of a given polymer
14

blend system. It has also shown that the more blocks above entanglement MW the
copolymer contains the greater the compatibilization capacity.26 This has been
attributed to the fact that blocky copolymers spread along and across the interface
isotropically, with each block lying in or very near the homopolymer region in which
it is miscible, effectively “stitching” the interface together. One picture of this
process is that the copolymer acts like “molecular velcro”, holding the homopolymers
together at the interface. The “loops” formed at the interface by each block of the
copolymer entangle with the homopolymer chains, the “hooks”, and broaden the
interface, which leads to finer dispersion, less coalescence of the minor phase during
processing, and an increase in the interfacial strength between the two polymers.
Thus, we have concluded that this loop formation at the interface is critical to the
efficient compatibilization of any multicomponent polymer system.
1.7 Reactive Compatibilization
Due to the large size of fully formed copolymers, however, the diffusion of
fully formed copolymer to the interface that is necessary for any compatibilization of
the blend is often too slow for industrial usefulness. In order to remedy this problem,
investigations into how to form the copolymer at or near the interface so as to reduce
or eliminate the time necessary for diffusion began. These investigations lead to the
strategy of reactive processing or reactive compatibilization being studied. Reactive
compatibilization is the formation of copolymer at the interface by an in situ reaction
of functionalized components. It is necessary to state here that in the polymer
industry today, most polymer blends are made through a process called melt blending.
The homopolymers of the blend are heated to above their Tm and/or Tg, and then
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stirred or mixed together, before being extruded or shaped into their final forms and
sizes. This fits well with the idea of reactive compatibilization, as when the system is
stirred, a shear force is exerted on it. This shear force causes the domains of the
minor phase to break apart with their final size depending on the speed and duration
of shear and the strength of the blend’s interface. When the shear is removed, the
droplets will coalesce, and the morphology will coarsen as the blend attempts to again
minimize interfacial area. However, if a reaction can be carried out at the interface
during processing to create copolymer, then the blend can be mixed to varying
degrees of dispersion and minor phase droplet size, and the formation of interfacial
copolymer can then retard the droplet coalescence process, effectively “freezing” the
desired morphology of the blend. Thus, the blend morphology that was created
through the application of shear forces through mixing can be maintained after the
shear force is removed from the sample. The properties of the blend that are highly
dependent on the morphology of the blend and the minor phase droplet size can then
be “tuned” to meet a variety of applications. Reactive compatibilization is a fairly
young concept within the polymer science field and much investigation in this area
has been recently undertaken.
How to create a reaction at the interface in order to get the copolymer to form
at all has comprised much of the research in the field of reactive
compatibilization.27,37,38,43-54 Most of the work thus far has centered on functionalizing
one or more of the polymers of the blend so that some portion of the components
react together at the interface to form long copolymer chains which ultimately
compatibilize the blend. Since the only interactions between the separate phases of
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the blend take place at the interface, the reactive sites on two chains from different
phases must come into contact at the interface, where the copolymer will ideally be
formed. Much of the current research has investigated the formation of either block
or graft copolymers at the interface of the immiscible blends. While investigating a
polysulfone/polyamide system, Inoue et al. used a maleic anhydride grafted
polysulfone and polysulfone end-functionalized with phthalic anhydride in an attempt
to compatibilize the system.27 In theory, the anhydride functionalized polysulfone
would come into contact with the polyamide at the interface and react to form either
the diblock or graft copolymer necessary for compatibilization. The fact that the
maleic anhydride grafted polysulfone and the end functionalized polysulfone both led
to significant reduction in the polysulfone domain size within the polyamide matrix
suggests that copolymer is, in fact, being formed at the interface in both cases. Van
Aert et al. studied a poly(2,6-dimethyl-1,4-phenylene ether) (PPE) / poly(butylene
terephthalate) (PBT) system and attempted compatibilization with PPE
functionalized either in the middle of the chain or at the ends, much like Inoue et al.55
They also experimented with a variety of small molecules to improve the reaction,
however, which either catalyze or participate in the interfacial reaction of PPE with
PBT when added in small amounts to the blend, and found that, in all cases, this also
increased their compatibilization efforts.
One limitation of the approach of incorporating functionalization along the
chain backbone of one or both of the components of the blend is the formation of
ultra high molecular weight, highly branched copolymer. This copolymer could then
phase separate or crosslink with itself and have undesired effects on the system. One
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major undesired effect from the formation of ultra high molecular weight polymers or
crosslinking is a significant increase in viscosity of the blend that can negatively
affect its processabilty. Phase separation of the copolymer leads to another interface
within the system at which mechanical failure can occur, which can detrimentally
affect the desired property enhancement of the blend. Our group has attempted to
circumvent this problem by forming multiblock copolymer at the interface of an
immiscible polymer blend, not by functionalizing the backbone of one of the
homopolymer components, but by introducing end functionalized oligomers, termed
telechelics if both ends of the chains are functionalized and monochelics if only one
end is functionalized, of each homopolymer into the blend which should diffuse fairly
quickly to the interface and react to form the blocky copolymer compatibilizer.50 A
schematic of this process can be seen in Figure 1.3. Each block of this multiblock
copolymer that is formed should stay primarily in its similar homopolymer phase and
thus “stitch” the interface together. This research has centered on a poly(ethylene
oxide) (PEO)/poly(bisphenol A-co-epichlorohydrin) (PBAE) system, with diamineterminated PEO oligomers and epoxy-terminated PBAE oligomers added in various
weight percentages. The mechanical test results from this research show that the
addition of small amounts (< 10 % wt) of these oligomer compatibilizers act to
strengthen the interface, as both the modulus and maximum displacement of the blend
were improved with addition of these reactive oligomers.
Other researchers have also sought to determine how much functionalization
of the individual polymer chains is necessary, as well as what percentage of the entire
phase(s) must be functionalized, in order to effectively compatibilize a polymer
18
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Figure 1.3. A schematic of the in situ interfacial reaction of telechelic oligomers in
an immiscible polymer blend resulting in the formation of multiblock copolymer.
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blend. If the chemical structure of either of the homopolymers is changed too much
through functionalization, the original properties of that homopolymer could also be
affected, thus affecting the usefulness of the blend, though it appears that a modest
addition of reactive chains capable of forming copolymer at the interface of the blend
in situ is sufficient for marked compatibilization to be realized. For instance, while
investigating the industrially useful blend, poly(styrene-coacrylonitrile)/poly(ethylene-co-propylene) or SAN/EPR, Jerome and coworkers found
that functionalization of as little as 2.5% of the SAN phase with .004 mol/wt%
reactive groups acted to compatibilize the blend.56 Also, Tselios et al. studied a
polypropylene (PP)/low density polyethylene (LDPE) system compatibilized with
maleic anhydride grafted PP and poly(ethylene-co-vinyl alcohol).57 Several different
weight percentages of the compatibilizers, ranging from 2-20 percent, were added to
the blend and all showed marked improvement in mechanical properties. Most of the
mechanical properties, including tensile strength, elongation at break, and impact
strength, however, were maximized when the compatibilizers were added at 10% by
weight to the blend. Thus, it can be concluded that even small amounts of copolymer
compatibilizer can have a marked influence on the final properties of a compatibilized
polymer blend, making the idea of reactive compatibilization very suitable for
commercial success.
1.8 Kinetics of Interfacial Reactions
As research in the field of reactive processing continues, many scientists have
begun to study the kinetics of the reactions that take place during the in situ
compatibilization of an immiscible polymer blend.44,48,49,51,52,58-71 Mixing and/or
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processing times in the polymer industry are obviously very dependent on the kinetics
of any in situ reactions that may be taking place in the system. Thus, it is critical to
understand the time evolution of any reaction being used to compatibilize a polymer
blend if the scheme is to be industrially useful.
Several groups have proposed theories of the kinetics of the reaction of
functionalized chains at immiscible polymer interfaces. Fredrickson and Milner72 and
O’Shaughnessy and Sawhney65 both proposed kinetics models that describe different
regimes during the reaction process. Fredrickson and Milner’s theory defines the
early stages of the reaction as the time it takes the few reactive chains directly at the
interface to react, the middle stages of the process as a diffusion-controlled regime
during which more chains come to the interface to react, and the later stage of the
reaction as limited by the fact that the interface is becoming saturated with copolymer
and there is a large entropic penalty for more chains to enter the copolymer layer and
react. O’Shaughnessy and Sawhney’s theory predicts that the kinetics are dependent
on both the molecular weight of the reactive chains as well as the reactivity of the end
groups. They also separate the reaction into several regimes and several different
cases depending on whether the systems are entangled and how reactive the end
group pairs are, yet, there are still diffusion-controlled regimes in this theory as well.
It is also pertinent to note here that all of these theories describe the kinetics of the
reaction of functionalized chains at immiscible interfaces as a second order process
because, as the process is described as diffusion-controlled, the concentration of the
reactive end groups at the interface is assumed to be constantly changing.
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The main problem with the above mentioned theories is that there are few
experimental studies that fully support them. In almost all cases, the diffusioncontrolled kinetics models overestimate the initial rate of copolymer formation in
experimentally investigated systems. Kramer and Jiao have attempted to mediate this
discrepancy with a theory that treats the reaction as not diffusion-controlled but
reaction rate controlled.61 This theory also takes into account a finite number of
reactive groups as well as the entropic penalty of more reactive chains entering the
copolymer brush layer as the reaction progresses. This model has shown some
limited success in fitting experimental data on bilayer samples. This model, too,
assumes pseudo-second order kinetics. More recently, Inoue and Oyama have
proposed a new set of kinetics equations for the reaction of functionalized chains at
immiscible polymer interfaces that follow pseudo-first order kinetics and suggest a
reaction controlled mechanism.52 The authors have shown good agreement of the
theory with several varied data sets.
The main problem facing any theoretical treatment of the kinetics in these
systems is that few experimental studies have been performed that allow a critical
analysis of the theories themselves. Many experiments already performed have been
designed in a way that hinders any real insight into whether the current kinetics
models agree with the results, and very few offer reaction rate constants calculated for
the systems being examined. There are many variables involved in designing a
system to study reactions at polymeric interfaces, and the theories of the kinetics of
these reactions are so varied, that garnering useful information on the correlation of
any of the kinetics theories to experimental evidence is difficult. The larger question
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remains as to whether the current theories are sufficient to explain the kinetics of
interfacial reactions, as dependence on molecular weight, entanglements between
chains, interfacial geometry and subsequent reactive group exploration of the
interface, have been shown in various systems to play a role in the kinetics.61,66-68,73-75
Unfortunately, a unified theory of the kinetics of the interfacial reaction of
functionalized chains at immiscible polymer interfaces has not yet been proposed.
We believe that we have developed a set of experiments that allows us to
answer some of the questions concerning the kinetics of the interfacial reaction of
telechelic chains at the interface between polystyrene and poly(methyl methacrylate).
We have garnered some information on how molecular weight and reactivity affect
both the extent of reaction and the kinetics of the process that should be beneficial to
the development of a unified theory of the kinetics of the reaction of functionalized
polymer chains at multicomponent interfaces. These experiments and results will be
presented in Chapters 3 and 4.
1.9 Polymer Nanocomposites
While one of the main goals of this work will be to understand and
characterize the reactions that lead to loop formation at soft polymeric interfaces,
another area to which this research will be applicable is filled polymer
nanocomposites. Not only can the blending of two pure polymers offer targeted
properties and property enhancement in the newly created polymeric material, but
also many properties of a polymer system can often be improved with the addition of
organic or inorganic nanofillers such as layered silicates and carbon nanotubes.
These new systems can result in substantial property improvements that include
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improved mechanical strength, viscoelastic response, chemical resistance, and gas
and chemical barrier properties.76 However, many of the fillers used, such as
inorganic clays or layered silicates, display unfavorable thermodynamic interactions
with the polymer matrix and result in alloys that tend to phase separate. These
disfavorable interactions between matrix polymer and filler particles leads to weak
interfaces and aggregation of the filler particles that can significantly limit the
improvement of properties of the composite.1 A fine dispersion of the filler particles
within the polymer matrix is necessary to achieve the desired enhancement of
properties. Thus, much research has been carried out on improving the interaction
between fillers, such as layered silicates and nanotubes, and polymer matrices.
For layered silicates, fillers which consist of thin clay sheets held tightly
together by the charged surfaces of the individual layers, much of the
compatibilization research has focused on replacing the small counter ions on the clay
surfaces with longer hydrocarbon tails which may or may not contain functional
groups that can interact with the matrix polymer.77-79 The hydrocarbon nature of the
counter ions act to increase the gallery spacing between the clay layers, thus allowing
intercalation of the polymer chains into the clay galleries as well as offering favorable
interactions with the host polymer. These intercalants are not, however, chemically
bonded to the silicate surface and could possibly be removed under extreme stresses.
Also, in many cases, excess intercalant is present in the clay after modification and
this can lead to an undesirable plasticizing effect on the host polymer.80
Much of the current research towards improving dispersion in carbon
nanotube/polymer composites has focused on introducing functionalities, such as
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hydroxyl and/or carboxylic acid groups, onto the nanotube surfaces, which in turn
facilitate hydrogen bonding with specific groups contained in the matrix polymer
chains.81-83 This however, requires that the host polymer is capable of participating in
hydrogen bonding or that it has been chemically modified in some way to allow for
this interaction.
Another method of improving the compatibilization in carbon
nanotube/polymer nanocomposite systems that has attracted research attention
recently focuses on grafting polymer chains to and from the carbon nanotubes
themselves.71,84,85 The attachment of small molecule species capable of initiating
polymerizations of various monomers on the nanotube surface have been shown to be
possible, as has the reaction of fully formed macromolecules with various nanotube
surface functionalities, forming end-grafted polymer modified carbon nanotubes.
These surface bound chains should theoretically be able to entangle with host
polymer matrix chains and facilitate an increase in the interfacial adhesion, much as a
diblock copolymer has been shown to behave in immiscible polymer/polymer blends.
We believe that the idea of loop formation, shown in the above discussion to be
critical to the efficient compatibilization of polymer blends, could be effectively
applied to compatibilization efforts on filled polymer composite systems as well. The
formation of molecular loops, via the grafting-to reaction of telechelic polymers, onto
functionalized filler particle surfaces, will provide a mechanism to improve the
adhesion and interaction between a polymer matrix and the nanoparticles. When
these looped filler particles are then blended with a matrix polymer the surface loops
would then be able to entangle with the matrix polymer chains, which should lead to
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greater dispersion of the filler particles, an increase in interfacial strength, and
improvements of the properties of the resultant nanocomposite systems.
1.10 Conclusions and Proposed Experiments
Throughout this discussion, we have shown that polymer blends and polymer
nanocomposites are important systems that garner much research attention in the field
of polymer science today. We have also concluded that reactive compatibilization
schemes, to produce copolymeric interfacial modifiers, appear to be a commercially
viable means to efficiently produce useful polymer blends. Blocky type copolymers
have been shown to be optimal interfacial modifiers, as the loops that are formed
across the interface, which allow for entanglements across the interface, are critical to
creating strong interfaces in these compatibilized systems. Therefore, we want to
better understand the reactions of telechelic polymers at interfaces to form loops. An
understanding of the relationship between kinetics, interfacial morphology, reactivity,
and molecular weight is needed in order to optimize loop formation at soft polymeric
interfaces. Once a fundamental understanding of the parameters that govern loop
formation at soft interfaces is garnered, we hope to apply this idea of loop formation
to the compatibilization of filled polymer nanocomposites. By understanding and
optimizing the parameters that control loop formation at hard surfaces via the
formation of multiply bound polymer chains, we hope to gain the knowledge
necessary to apply telechelic loop formation to filler particle surfaces, such that
entanglements between particle surface bound loops and matrix polymer chains of
polymeric nanocomposites will lead to greater filler dispersion, stronger interfaces,
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and the sought after property enhancement promised by filled polymer
nanocomposites.
To this end, we have undertaken several studies to understand the
fundamentals of the formation of molecular loops through the reaction of telechelic
polymers, with the aim of providing guidelines for the optimization of this loop
formation process. We began investigating the reaction of telechelic polymers at a
soft polymeric interface using a model bilayer system consisting of polystyrene and
poly (methyl methacrylate). The reaction of deuterated polystyrene telechelics at the
interface was monitored with neutron reflectivity. Through the use of this model
system, the relationships between telechelic molecular weight, functional group
reactivity, and reaction time versus reaction rate and extent of reaction were
elucidated. Once an understanding of the loop formation process at soft interfaces
was obtained, the ultimate goal of this project, to understand and optimize the
reactions that lead to the formation of multiply bound polymer chains on surfaces,
could be addressed. We investigated a model system consisting of a silicon substrate,
an epoxy endcapped trimethoxy silane layer, and mono- and di-functional epoxy
terminated polystyrene chains. We used several surface sensitive techniques,
including ellipsometry, goniometry, and x-ray photoelectron spectroscopy to
elucidate the parameters that govern the reaction of telechelics to form surface bound
loop layers on model surfaces. We believe our results offer some insight into the
necessary parameters to optimize the formation of surface bound polymer loops,
which could ultimately be beneficial to commercial compatibilization efforts on
multicomponent filled polymer systems.
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Chapter 2
EXPERIMENTAL TECHNIQUES

2.1 Commercially Purchased Materials
A. Chemicals
The epoxy-terminated silane used in this study was 3-(glycidoxypropyl)
trimethoxysilane (Gelest Inc., Tullytown, PA) and the solvent for both this and all of
the polymer solutions made throughout the study was HPLC grade toluene (Fisher
Scientific, Fair Lawn, NJ). Absolute ethanol, sulfuric acid, and 30% w/w hydrogen
peroxide used in substrate wafer cleaning were all certified ACS grade (Fisher
Scientific). HPLC grade tetrahydrofuran used for SEC analysis was also purchased
from Fisher Scientific. All reagents were used as received and the silane compound
was stored under nitrogen. All water used in this study was ultra pure and was
purified using a Milli-Pore water treatment apparatus.
B. Silicon Substrates
For the loops on hard surfaces study, the silicon substrates of various sizes
were cut from 2” diameter, 300-350 micron thick, single side polished, <100> crystal
orientation, N-doped silicon wafers (Wafer World, West Palm Beach, FL). For the
neutron reflectivity samples, the silicon substrates were 3” diameter, 1000 micron
thick, single side polished, <100> crystal orientation, N-doped silicon wafers (Wafer
World). For all samples made, the silicon substrates were cleaned prior to use by
placement in a hot piranha solution (3:1 fuming sulfuric acid/30% hydrogen
peroxide) for one hour. Upon removal, the substrates were rinsed with nanopure
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water, cleaned in nanopure water in an ultrasonic bath for 20 minutes, rinsed again
with high-purity water, and dried with dry nitrogen. Ellipsometry of the resulting
silicon oxide layer provided its thickness for future analysis, before further sample
preparation was carried out.
C. Polymers
The %,& reactive polybutadiene telechelic used in the loops on hard surfaces
study was dicarboxy terminated polybutadiene (PB-diCOOH) (Aldrich Chemical Co.,
Milwaukee, WI). Monochelic polybutadiene (PB-COOH) (Polymer Source, Dorval
(Montreal), QC) and nonfunctional polybutadiene (PB) (Scientific Polymer Products,
Ontario, NY) were also used. The %, & reactive hydrogenated polystyrene telechelic
used was dicarboxy terminated polystyrene (PS-diCOOH) (Aldrich Chemical Co.,
Milwaukee, WI). Monochelic polystyrene (PS-COOH) (Polymer Source) and
nonfunctional polystyrene (PS) (Scientific Polymer Products) were also purchased
commercially, and all polymers were used as received. The diepoxy terminated
deuterated polystyrene (dPS-diepoxy) %, & reactive telechelics used in the neutron
reflectivity study were synthesized via anionic methods by Dr. Jimmy Mays’ group.
The poly(methyl methacrylate) PMMA, PMMA monochelic (PMMA-COOH or
PMMA-NH2) and pure PS (Polymer Source) used in the neutron reflectivity study
were purchased commercially and used as received. Pertinent molecular weight (Mw
and Mn) and polydispersity index properties of all of the polymers used in these
studies can be found in Tables 2.1 and 2.2.
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Table 2.1. Molecular weight characteristics of the polymers used in the neutron
reflectivity studies in Chapters 3 and 4.
Polymer
PS
PMMA
PMMA-COOH
PMMA-NH2
dPS-diepoxy 5K
dPS-diepoxy 10K
dPS-diepoxy 19K
dPS-diepoxy 50K
dPS-diepoxy 80K
dPS-dianhydride 10K
dPS-dianhydride 40K
dPS-dianhydride 90K

Mn (g/mol) Mw (g/mol)
656 000
337 000
13 500
120 000
3 300
9 300
17 600
46 300
73 400
9 000
37 500
84 200

735 000
377 500
15 400
129600
3 500
10 000
19 000
50 000
80 000
9 800
40 500
90 900

PDI
1.12
1.12
1.14
1.08
1.07
1.07
1.08
1.08
1.09
1.09
1.08
1.08
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Table 2.2. Molecular weight characteristics of the polymers used in the loops on
surfaces studies in Chapters 5.
Polymer
PB-diCOOH
PB-COOH
PB
PS-diCOOH
PS-COOH
PS

Mn (g/mol)
5 400
5 400
100 000
23 600
27 500
118 000

Mw (g/mol)
8 300
5 600
200 000
24 500
29 600
306 000

PDI
1.52
1.04
2.00
1.04
1.07
2.59
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2.2 Sample Preparation Techniques
All samples used in this study consisted of thin polymer films on silicon
substrates. Polymer molecular weight characteristics were determined using size
exclusion chromatography and sample preparation consisted of spin-coating and
floating techniques, which are described below.
A. Size Exclusion Chromatography
The molecular weights and polydispersity indexes (PDI) of the polymers that
were used in this study were characterized using gel permeation chromatography
(GPC), also known as size exclusion chromatography (SEC). SEC is the general term
used to describe a liquid column chromatographic process of separating molecules
based on size by passing the molecules, in a solvent, through a densely packed
column of porous material.86 Size separation is realized by varying degrees of pore
permeation of the molecules. Smaller molecules are able to sample the inside of
more pores for longer periods of time due simply to there size and are retained for a
longer period of time in the column than larger molecules. Therefore, larger
molecules elute first and smaller molecules elute later, with the exact elution time
dependent on the hydrodynamic volume of the molecules. The relationship between
hydrodynamic radius and molecular weight for simple, linear polymers is
straightforward, and, thus, SEC can separate these polymers on the basis of molecular
weight with simple detection methods such as refractive index detection, and the
correlation of elution time to molecular weight can be realized with proper
calibration. For polymers that have branching or connectivities that differ from a
linear structure, separation by SEC can lead to groups of chains with the same elution
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time and, thus, similar hydrodynamic volume, that may have very different chain
lengths. While a simple detection method, such as refractive index detection in
conjunction with calibration using nearly monodisperse reference samples is
generally sufficient to separate linear polymers according to molecular weight, more
precise molecular weight detection methods such as light scattering or viscosity
detectors may be needed to separate more complex polymers according to molecular
weight.86
The polymers used in this study were characterized using a Polymer Labs size
exclusion chromatograph equipped with 2 Polymer Labs PLgel 5!m mixed-C
columns with HPLC grade tetrahydrofuran as the eluant. The instrument was
equipped with a refractive index detector. Samples were prepared at a concentration
of 2 mg/ml in tetrahydrofuran solvent. Results were analyzed using Polymer Labs
Cirrus software calibrated with narrow molecular weight polystyrene standards.
B. Spin-coating
Spin-coating or spin-casting is a technique that involves placing a fixed
volume of solution onto a substrate that is spun at relatively high speeds, thus
producing a uniform film of the species that is in solution. The centrifugal force of
the spinning substrate throws excess solution towards the outer edges of the substrate
and the solvent begins to evaporate during this stage as well. The solute in the
solution begins to form a uniform layer on the substrate surface. The thickness of the
resulting film is a function of several factors including spin speed, solution viscosity,
solvent evaporation rate, and air turbulence around the sample during the spinning
process. It has been found that the film thickness, H, in general, is indirectly
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proportional to the angular momentum of the spinning process, &, as shown in
Equation 2.1 below.87
" ~ # $%

(2.1)

N is dependant on the evaporation rate of the solvent. The evaporation rate is also
!
dependant on whether or how soon a “skin” forms on the surface of the thinning film

during the process. If the skin forms early in the process and the evaporation is
subsequently slowed, N is closer to unity; if the skin forms later in the process and
solvent evaporation can continue unimpeded, N is closer to ".87
A Headway Research Inc. Model PWM32 spin coater was used to create the
thin polymer films needed for this research. The exact conditions, including spin
speed, solution concentration, and spin time can be found in the sample preparation
section, 2.5, below.
C. Film Floating
One way to create multilayer samples is through the use of the film floating
technique. In this technique, a thin film is spun cast onto a substrate as described
above. Common substrates include smooth surfaces such as mica or glass. The
resulting films can then be floated onto a suitable liquid that is a non-solvent for the
materials that make up the film, and captured on top of other substrates, films, etc.
The floating technique is useful insomuch as it allows the creation of multilayer thin
film sample geometries that cannot be produced by spin casting the films directly on
top of one another due to the common solubility of the materials of the two films.
In our case, the formation of polystyrene (PS) and poly(methyl methacrylate)
(PMMA) bilayer samples were needed for the neutron reflectivity study. Toluene
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was used as the solvent for both polymers, and thus, the direct spinning of one layer
onto the other was not feasible. The PMMA layer was first spun cast onto a cleaned
silicon substrate. The PS layer was then spun cast onto a clean glass slide. The
polystyrene was chosen as the film to be floated as poly(methyl methacrylate has a
higher affinity for glass substrates than polystyrene does and, thus, does not release
and float off of the glass slide as easily. Once the polystyrene film was cast, the
edges of the film and slide were scored with a razor blade to loosen the film, and the
film was carefully floated onto a water surface. The silicon substrate with the PMMA
film was then used to pick up the PS film from the water surface. The bilayer
samples were then air dried to remove any residual water.
2.3 Surface Characterization Techniques
The study of the formation of loops on hard surfaces involved using several
surface sensitive techniques. X-ray photoelectron spectroscopy (XPS), ellipsometry,
and goniometry were used extensively to characterize the samples and are described
in detail below.
A. X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy
for chemical analysis (ESCA), is often used to characterize surfaces and thin films.
In this technique, a sample is irradiated with monoenergetic soft x-rays and electrons
from atoms in the sample are emitted by the photoelectric effect. A schematic of this
process can be seen in Figure 2.1. These ejected electrons have kinetic energies given
by the following equation88:
KE = h" # BE # $ s

(2.2)
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Figure 2.1. A schematic of the XPS process. When x-rays strike a sample, electrons
are ejected from the atoms via the photoelectric effect.
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In Equation 2.2, h# is the energy of the photon, BE is the binding energy of the
atomic orbital from which the emitted electron originates, and "s is the spectrometer
work function, which is a constant that is unique to the instrument being used. The
binding energy, BE, is the energy difference between the initial and final states of an
atom after a photoelectron has left it, and thus, a variety of final states leads to a
variety of kinetic energies of emitted photoelectrons.89 Each element has a unique set
of binding energies, and thus, can be uniquely identified by the XPS technique.
Additionally, XPS is a surface sensitive technique. While the incident x-ray photons
penetrate several microns into the sample, only the electrons emitted within 10’s of
angstroms of the sample surface have enough energy to escape the sample and be
detected.89 Differences in binding energies due to chemical bonding and other
interatomic interactions can be detected with the XPS technique, which allows the
extraction of additional information such as the oxidation states of particular
species.88
There are several advantages to using XPS for characterizing sample surfaces.
Through careful analysis, the identity of species present at a sample surface, the
percent composition of species at a sample surface, and limited depth profiles can be
obtained. The technique can detect all elements except hydrogen and helium, and it
has a very good detection limit for chemical species: ~0.01-0.5 atom percent.89 The
XPS technique does suffer from some disadvantages as well, however. It is a high
vacuum technique and thusly requires non-volatile samples. Also, the surface
sensitivity is only ~5-75 angstroms.88 The technique is also destructive, and further
analysis on a given sample using other techniques is not possible after XPS analysis.
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Chemical composition of the epoxy functionalized surfaces was determined
using a Perkin-Elmer (Wellesley, MA) ESCA 5000 series X-ray photoelectron
spectrometer. All scans probed binding energies from 0 to 1000 eV on the sample
surface. A pass energy of 35.75 eV and an eV/step of 0.25-0.025 eV were used.
B. Goniometry
Goniometry, or the measurement of the contact angle of liquid droplets on a
surface, is another technique that is valuable in determining the functionality or
chemical composition of a sample surface. Goniometry is a quantitative measure of
the wetting of a solid by a liquid. Geometrically, it is the angle formed by a liquid
droplet at the three-phase boundary.90 A schematic of this geometry can be seen in
Figure 2.2. Measurements of the contact angle can be made in three basic
configurations: Static or sensile measurements, advancing angle measurements, and
receding angle measurements. A schematic of these three measurement
configurations can be seen in Figure 2.3. Static or sensile drop measurements lie
somewhere between advancing and receding angles. Static contact angles have been
found to depend on the recent history of the interaction between the three phases. If
the advancing and receding angle measurements are made as the three-phase
boundary is in actual motion, the angles are defined as dynamic contact angles.
Hysteresis, or the difference between the advancing and receding contact angles, can
be due to surface roughness, heterogeneity in the chemical composition of the
surface, liquid dissolution on the surface, and adsorption of the liquid on the solid
surface, and is also dependent on the rate of change of the liquid droplet size.90 It has
been shown that if the hysteresis is due to heterogeneity of high and low energy
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Figure 2.2. A schematic of the three-phase boundary formed between a solid, a
liquid, and a gas when a liquid droplet is placed on a solid surface. The angle ' is the
contact angle of the liquid with the solid, measured by goniometry.
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A.

B.

C.

Figure 2.3. Schematics of three common methods of measuring surface contact
angles. A represents an advancing contact angle, B represents a receding contact
angle, and C represents a static contact angle. In A and B, the arrow shows the
direction of fluid flow during the actual measurement of the surface contact angle.
The difference between the contact angles measured from advancing and receding
methods is known as hysteresis.
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patches on the sample surface, then the advancing angle represents the equilibrium
sensile contact angle measurement on an ideal surface composed entirely of the low
energy material and the receding angle corresponds to the equilibrium contact angle
measurement on an ideal high energy component surface.90 As a result, advancing
contact angle measurements are most often correctly used when a determination of
the solid surface tension is required.
Several characteristics of a sample surface can be determined once contact
angle measurements have been made. The Young equation, shown below, allows the
determination of interfacial energies if other energy values are known.91

" lv cos # = " sv $ " sl

(2.3)

In the above equation, ' is the measured contact angle, and (lv, (sv, and (sl are the
! of the liquid/vapor, solid/vapor, and solid/liquid interfaces,
interfacial energies

respectively. The Young-Dupre equation, shown in Equation 2.4, also allows the
determination of the work of adhesion, Wa, of a sample.91
W a = " sv (1+ cos # )

(2.4)

Work of adhesion, which is an expression of the strength of the interaction between
! phases, is defined as the work required to separate the liquid and
the liquid and solid

solid phases, or the negative free energy associated with the adhesion of the solid and
liquid phases.
The composition of a mixed sample surface can also be determined from the
measured contact angles using the Cassie equation shown below.92
cos" = f a cos" a + f b cos" b

!

(2.5)
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In the above equation, 'a and 'b are the contact angles of a surface of pure a and b
functionality, respectively, ' is the measured contact angle, and fa and fb are the area
fraction of a and b functional groups present at the surface. Thus, if an examined
surface has two functional groups present with known contact angles, the percent
composition of the sample surface can be determined.
The goniometry technique has several advantages over other surface
characterization techniques. Measurements can be performed at ambient conditions
with little or no special sample preparation and the technique is non-destructive. A
great variety of solid substrates can be examined, provided they contain a relatively
small flat area. Even samples with regular curvature can be investigated.90 Only
small amounts of liquid are required for the test, and a variety of liquids can be used
in a short amount of experiment time. Goniometry is not without its disadvantages,
however. The largest source of error involved in this technique centers on the actual
assignment of the tangent line that defines the measured contact angle. A major
source of error results from the assignment of the tangent by the instrument operator,
and reproducibility from operator to operator, or even for multiple measurements
from the same operator can be difficult. The error induced in the measurements due
to this has been estimated to be as high as 5-10° in static measurements and 1-5° for
dynamic measurements.90 The use of computer programs that assign the tangent line
to an image of the system reduces this error immensely. Also, the size of each droplet
that is placed on the sample surface is relatively small, and thus a relatively small
sample area is actually characterized for a given measurement. Due to this fact,
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multiple measurements made over the entire sample surface are necessary for full
sample characterization.
Samples surfaces in this study were examined by advancing contact angle
measurements using a Rame-Hart (Mountain Lakes, NJ) Model 100 contact angle
goniometer. High purity water contact angle measurements were measured on the
sample surfaces under ambient conditions. Approximately 3 µL droplets were used,
and all reported values are the average of at least 5 measurements taken at three
different locations on the sample surface, with at least three different samples
examined having identical surface treatments.
C. Ellipsometry
Ellipsometry is a light based surface characterization technique. When light
strikes a surface, both reflectance and transmittance occurs. The plane of incidence is
defined as the plane that contains the input and output beams and is normal to the
sample surface.93 As light passes through a medium it slows down, and the ability of
a medium to slow down light is defined as the complex refractive index, N, the
equations for which are shown below.94
~

N = n " ik

(2.6)

n=

c
v

(2.7)

k=

"
a
4#

(2.8)

!

!

In the above equations, n is the index of refraction, c is the speed of light in a
vacuum, v is the speed !
of light in the medium of interest, k is the extinction
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coefficient, and a is the absorption coefficient. The value of k determines how fast
the amplitude of the wave decreases in the medium.94
Light waves have two perpendicular components: the p-wave, which is in the
plane of incidence and the s-wave, which is perpendicular to the plane of incidence.95
If the two components of a wave are in phase, the light is linearly polarized. If the
two components are 90° out of phase, the light is circularly polarized. If the phase
difference is anything between 0° and 90°, the light is elliptically polarized. In
ellipsometry, a sample is impinged with a linearly polarized beam of light, generally
from a laser, and there is a shift of the phases and the amplitudes of both the p and swaves upon reflection. These shifts are measured and after fitting the data to a
model, information on the complex refractive index and layer thicknesses can be
obtained.
In order to understand how the measurement of the change in light
polarization after striking a sample can lead to the determination of refractive index
and layer thickness information, a short discussion of the theory of the interaction of
light and surfaces is pertinent. For the case of the reflection of light from a single
interface, depicted in Figure 2.4, the Fresnel reflection coefficients, r, which are the
ratios of the amplitude of the reflected and incident waves, are determined for both
the p and s portions of the wave by the following equations.95
p
12

r =

~

~

~

~

N 2 cos "1 # N 1 cos " 2

(2.9)

N 2 cos "1 + N 1 cos " 2

!

s
12

r =

~

~

~

~

N 1 cos "1 # N 2 cos " 2

(2.10)

N 1 cos "1 + N 2 cos " 2
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Figure 2.4. Schematic of how light interacts with a sample containing a single
surface.
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In Equations 2.9 and 2.10, "1 is the angle of incidence and "2 is the angle of
refraction, relative to the surface normal. For light reflected from multiple layers and
interfaces, as depicted in Figure 2.5, the total reflection coefficients, R, are defined in
Equations 2.11 and 2.12 for the p and s-waves, respectively:96

r12p + r23p exp("i2# )
1+ r12p r23p exp("i2# )

(2.11)

r12s + r23s exp("i2# )
R =
1+ r12s r23s exp("i2# )

(2.12)

Rp =

s

!

In these equations, ß is defined as:

!

%d( ~
" = 2# ' * N 2 cos + 2
&$)

(2.13)

The two parameters that ellipsometry actually measures are # and ), where #
!
is the phase difference
between the p and s portions of the reflected light and ) is the

angle whose tangent is the ratio of the total reflection coefficients.95 These two
relationships are shown mathematically in Equations 2.14 and 2.15. Paul Drude
discovered the relationship between these two quantities measured by ellipsometry
and the total reflection coefficients of the system. This relationship, known as the
Drude equation, is the fundamental equation of ellipsometry and is shown as
Equation 2.16 below.96
" = #1 $ #2

!

!

tan " =

Rp
Rs

Rp
tan "exp(i#) = s
R

(2.14)
(2.15)

(2.16)
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Figure 2.5. Schematic of how light interacts with a sample containing a buried
interface as well as an exposed surface.
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This equation relates the two measured quantities in ellipsometry, # and ), to the
thicknesses and complex refractive indices of the layers within a sample. Thus, once
a measurement is made, both the thickness of layers within the sample and/or the
refractive index of individual layers can be determined by fitting the data to a model.
Sample preparation for ellipsometry is simple and straightforward. Liquid or
solid samples can be used and measurements are made under ambient conditions. A
clean surface is the only requirement and no further specific sample preparation is
required. The accuracy of the technique is very good; errors of as little as 1 Å in the
thickness of layers are often reported.94 Ellipsometry is a non-destructive technique
and the data gathered is absolute in that no reference or standard is required. The
technique also measures two quantities, # and ), which increases the accuracy of the
technique. The parameters, however, for only one layer can be fit at a time, and thus,
all pertinent information on other layers of the sample must be known a priori. Since
the fitting is model based, it is critical that known values are accurate. Also, the raw
data is periodic; therefore, an initial estimate of the thickness and/or refractive index
of the sought after layer must be known. Another disadvantage of the technique is the
fact that the technique cannot measure layer thicknesses above several thousand
angstroms.
For this study, film thicknesses were determined using a DRE-Dr.Riss
Ellipsometerbau GmbH (Ratzeburg, Germany) ELX-02C rotating analyzer nulling
ellipsometer at a 70° angle of incidence. The silicon oxide thickness was measured
immediately following piranha solution treatment of the substrates, the silane
thickness approximately 24 hours after solution deposition was complete, and the
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polystyrene layer thickness within 72 hours of solution deposition of the polymer
layer or subsequent toluene sonication. The indices of refraction of the silicon, silicon
oxide, and silane layer were considered to be no different from the bulk values,
3.8816-i0.0190, 1.4571, and 1.4290, respectively, and the index of refraction of the
polystyrene was taken as 1.59. All reported thickness values were averaged over at
least five measurements of each sample from different areas on the substrate surface.
2.4 Depth-Profiling and Morphology Determination
Many times, the use of depth profiling techniques is necessary to determine
the kinetics of and resultant interfacial morphology from the in situ formation of
copolymers at polymeric interfaces. Examples of these techniques include forward
recoil electron spectroscopy (FRES), secondary ion mass spectrometry (SIMS), x-ray
reflectivity (XRR), and neutron reflectivity (NR). For these studies, specular NR was
used to characterize the kinetics and resultant interfacial morphologies of our in-situ
modified bilayer samples.
A. Specular Neutron Reflectometry
In neutron reflectivity, an incident beam of neutrons is focused onto a sample
and the reflected neutrons are measured using a two-dimensional array detector.
Neutron reflectivity can be thought of as a subset of neutron scattering where the
neutrons that are detected are reflected from the surfaces and interfaces of the target
sample. Specular conditions are met when the angle of incidence and the angle of
reflected neutrons that are measured are the same97, as depicted in Figure 2.6.
During a NR experiment, the specular reflectivity is measured as a function of
the momentum vector transfer in the z direction, Qz, which is normal to the sample
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Figure 2.6. A schematic of the geometry of specular neutron reflectivity. For the
condition of specular reflection to be met, 'i, the angle of incidence, equals 'refl, the
measured angle of reflection.
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surface.98 The specular reflectivity that is measured, R(Qz), is the ratio of the
measured beam intensity, I to that of the intensity of the incident beam, I0. The z
component of the momentum vector is related to the grazing angle of incidence, ',
and the wavelength of the neutrons, *, by the relationship represented in Equation
2.17.99

Qz =

4 " sin #
$

(2.17)

The specular reflection can be written as a function of Qz and +(Qz), where +(Qz) is

!
the one-dimensional
Fourier transform of +(z), the average scattering length density
profile of the sample in the z direction.98

R(Qz ) =

2
16" 2
2 # (Qz )
Qz

(2.18)

$

"(Qz ) =
!

% "(z)exp(iQ )dz
z

(2.19)

#$

"(z) = # N i (z)bi
i

(2.20)

!
In the above equation, Ni(z) is the number density profile of species i at sample depth

!
z and bi is the neutron
scattering length of species i.
Since neutrons can be reflected and refracted in a medium just as any incident
radiation can, the refractive index of materials for neutrons must be discussed. In
general, the refractive index of a material is given by:
n = 1" #N + i$

(2.21)

!
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The imaginary component of the refractive index accounts for adsorption, and in most
cases for neutrons, this term is negligible and can be assumed to be zero. The real
component of the refractive index for neutrons, ,N, is defined as98:
% #2 (
"N = + N i (z)bi ' *
i
& 2$ )

(2.22)

For most materials the neutron scattering length, b, is small and positive, and thus, n
! and this gives rise to the presence of some critical angle, ' , below
is less than unity,
c

which total external reflection can occur.100 For the case of neutrons, 1-n is on the
order of 10-6 and thus, 'c is very small.98 This requires that measurements be made
with the incident beam at small grazing angles and that highly collimated beams of
neutrons be used.
From the discussion above, it can be seen that at incident angles below 'c, for
a single layer on a substrate, as depicted in Figure 2.4, total reflection occurs and the
measured reflectivity is unity. Above 'c, the measured intensity decays as Qz-4 for an
infinitely sharp interface.98 If the interface is not sharp, the measured intensity will
fall off more quickly. Figure 2.7101 is an illustration of a typical reflectivity profile
from a single polymer layer on a flat substrate. Note the series of maxima and
minima that are present in the profile. The thickness, d, of the polymer layer can be
determined from the distance between successive minima in this profile using
Equation 2.23.101
d=

!

2"
#Qz

(2.23)
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d - 2./!Q

Figure 2.7.101 The measured neutron reflectivity of a single polystyrene layer on a
silicon surface, showing the common series of fringes. The distance between the
fringes gives a measure of the polymer layer thickness, d.
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In addition to causing a more rapid reduction of R(Qz) as a function of Qz, roughness
at the interface will also dampen the depth and height of the minima and maxima in
the reflectivity profile. If a sample contains more than one layer and/or interface, the
measured reflectivity profile becomes a convolution of the reflections from all of the
surfaces and interfaces within the sample, including any contribution of the roughness
between layers.102
Neutron reflectivity, and neutron scattering in general has several advantages
over other depth profiling techniques. One of the largest is the fact that hydrogen and
deuterium have such largely different neutron scattering lengths: -0.374x10-12 cm for
hydrogen and 0.6674x10-12 cm for deuterium. This large variation in scattering
lengths allows isotopic substitution in samples, which results in large contrast
variation without significantly altering the thermodynamics within a system. Thus,
particular regions, interfaces, species, or reactions can be labeled with deuterium and
specifically monitored within a complex sample system. Neutrons are also more
penetrative in most substances than visible light or x-rays, allowing the study of
buried regions and interfaces that would be inaccessible using other depth profiling
techniques.
One disadvantage of NR, however, is the fact that unique scattering length
density (SLD) profiles are unobtainable from experimental data. As was shown in
Equation 2.18, the measured reflectivity, R(Qz), is a function of the square of the
Fourier transform of the scattering length density profile normal to the sample
surface. So, for a depth profile to be obtained, the SLD profile must be extracted
from the data. In a NR experiment, the intensity of the reflected radiation, which is
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the square of the amplitude of the reflected beam, is measured. The amplitude of the
wave contains information on the phase differences of the reflected waves scattered
by different scattering centers in the sample. The fact that the measured quantity in
the experiment, R(Q), is the square of the amplitude results in a complete loss of the
phase information of the system.103 This loss of phase information, inherent in all
scattering experiments, makes extracting a unique scattering length density profile
directly from the measured data impossible. Thus, a direct analytical solution is not
possible. However, if one begins with a complete scattering length density profile for
a given sample, it is possible to construct the unique reflectivity profile that would
result from neutron reflectivity measurements performed on that sample. This leads
to the fitting procedure that is required to back out an SLD profile from the
experimentally obtained reflectivity profile of a sample. In most cases, a model SLD
profile of a multilayer system is created and the resulting reflectivity profile is
calculated. This profile is then fit to the measured reflectivity profile of the sample,
with various parameters of the scattering length density profile such as individual
scattering length densities, layer thicknesses, interfacial roughnesses, etc., being
changed through an iterative process to arrive at a reasonable fit of the measured data.
From this fit an SLD profile normal to the surface and as a function of sample depth
can be determined for a sample. Unfortunately, more than one SLD profile may fit
the data similarly well and it is often necessary to have some prior information about
the system, such as layer thicknesses and scattering length densities of various
individual layers, to begin the fitting process and ensure that the final fit is reasonable
and makes physical sense.
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Specular neutron reflectivity (NR) measurements were completed using the
HADAS neutron reflectometer at the Juelich research reactor FRJ-2 (DIDO). The
neutron wavelength was fixed at * = 4.52 Å. A q-range of 0.004-0.072 Å-1 was
investigated for all samples. Reflred, a data reduction program (NIST Center for
Neutron Research), was used to reduce the data, and Reflfit, (NIST Center for
Neutron Research) and Parratt Fit (BENSC, Berlin), two iterative fitting programs,
were used for the data fitting procedure.
2.5 Sample Preparation
A. Neutron Reflectivity Sample Preparation
The samples made by the procedure described herein were used in the work
described in Chapters 3 and 4 of this document. A 2% wt solution in toluene of
PMMA/PMMA-COOH or PMMA-NH2 (50% wt) was spin-coated at 2500 rpm onto
silicon substrates that were cleaned as described in section 2.1 B. A 2.5% wt PS/d-PS
diepoxy (90% / 10% wt) in toluene solution was spin-coated onto a glass slide at
3000 rpm, floated onto nanopure water, and picked up onto the PMMA coated
substrates to form bilayer samples. The samples were dried under ambient conditions
for 4 hours and under vacuum for 24 hours. Samples were then annealed at 150° C
under vacuum for 15 minutes, 4 hours, 24 hours, 72 hours, and 108 hours, and
reflectivity measurements were taken on the initial as cast films and after each
successive annealing step.
B. Loops on Hard Surfaces Sample Preparation
The samples made by the procedure described herein were used in the work
described in Chapter 5 of this document. The formation of silane self-assembled
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monolayers was based on a procedure previously published in the literature.104 The
silicon substrates were cleaned according to the procedure outlined in section 2.3 A.
Ellipsometry measurements of the thickness of the oxide layer were immediately
taken, and then the substrates were placed in a nitrogen filled glove box and
immediately placed into a 1% vol solution of 3-(glycidoxypropyl) trimethoxysilane in
toluene, where they remained for 24 hours. Substrates were subsequently removed
from the silane solution, washed three times each with ethanol and toluene,
ultrasonically washed in ethanol for 20 minutes, rinsed again with ethanol, and finally
dried under a stream of dry nitrogen. The thicknesses of the epoxy silane layers were
immediately measured by ellipsometry . The various polybutadiene and polystyrene
solutions studied were then spun cast from a 2% by weight solution in toluene at 2500
rpm for 30 seconds onto the epoxy functionalized and unfunctionalized wafers.
Samples were then annealed for various amounts of time at 150°C under vacuum.
Once the annealing was complete, all samples were sonicated in toluene for 20 hours
to remove any unbound polymer, rinsed with toluene, and dried under nitrogen. The
samples were then stored in a dry atmosphere under a slight vacuum until further
characterization was completed.
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Chapter 3
MONITORING THE REACTION OF TELECHELIC POLYMERS AT A
SOFT POLYMERIC INTERFACE USING NEUTRON REFLECTIVITY

3.1 Introduction
Reactive compatibilization is a common method of forming copolymer
molecules in situ at an immiscible polymer interface that can subsequently act as
surfactant molecules and aid in compatibilization of a polymer/polymer blend. The
fact that the copolymer is formed only at the interface in this scheme allows
circumvention of the problems of the slow diffusion of copolymers and micelle
formation often seen with the addition of pre-made copolymers to an immiscible
blend.
Research in the field of reactive compatibilization has steadily increased over
the last several years. Both theoretical17,28,34,36,52,61,65,72,105-108 and experimental12,15,16,1822,52,58-61,66,67,106,109-112

studies have attempted to tackle the problem of understanding the

kinetics of, and the resultant interfacial morphology attributed to, the reaction of
singly functionalized polymer chains at a biphasic polymeric interface to form
diblock copolymer surfactant. Most of the theoretical work that has been carried out
on the kinetics of diblock copolymer formation has been based on the assumption that
the process is controlled by the diffusion of the reactive polymer chains to the
biphasic interface. However, in many cases, experimental results have correlated
poorly with the diffusion-controlled models, as the kinetics of the interfacial reaction
in experimental systems are often grossly overestimated by the diffusion-controlled
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models.61,66 A current theory exists that attempts to describe the kinetics of the
interfacial reaction of functionalized polymer chains as a reaction rate based
phenomenon.61 This model has also exhibited major limitations in capturing the
complexity of experimental data sets for which it should be valid. Thus, while
reactive compatibilization is a commercially viable process, very little is known about
the kinetics and mechanism of the interfacial reaction of functionalized polymer
chains at an immiscible polymer-polymer interface. Most theoretical work has
focused on the reaction of monochelic chains to form diblock copolymers at
polymer/polymer interfaces, and even less is known about the reaction of telechelics
at an immiscible polymer interface to form multiblock copolymer chains capable of
forming loops across an immiscible polymer/polymer interface. As we have argued
in Chapter 1, we feel that this loop formation is critical to realizing the maximum
compatibilization potential within a given polymer blend system, and the aim of this
study is to gain a fundamental understanding of the in situ reaction of telechelics at an
immiscible polymer/polymer interface to form blocky copolymers that can create
loops at an interface.
In order to better understand the parameters that govern the in situ formation
of molecular loops at soft polymeric interfaces, as well as understand the kinetics of
the in situ blocky copolymer formation, we have investigated the reaction of
telechelic polymers at a soft polymeric interface using a model bilayer system
consisting of polystyrene (PS) and poly methyl methacrylate (PMMA). Deuterated PS
telechelics in the PS layer migrate to the interface between the PS and the PMMA and
react with monochelics in the PMMA layer to form copolymer surfactant molecules.
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The reaction of the deuterated epoxy terminated polystyrene telechelics (dPS
telechelics) with the monochelic carboxy terminated poly methyl methacrylate
(PMMA-COOH) at the interface was monitored with neutron reflectivity. A
schematic of the reaction that takes place between the epoxy and carboxylic acid
functionalities on the polymer chain ends can be seen in Figure 3.1. This model
system and experimental architecture were chosen for several reasons. Both PS and
PMMA, as well as telechelics and monochelics of both homopolymers containing
various functional end groups, were either commercially available or could be readily
synthesized via anionic methods to yield polymers with targeted molecular weights
and very low polydispersity indices. Also, the use of a bilayer system allowed a more
thorough examination of the individual factors that may impact or control the
interfacial reaction process in these systems.
Previous experimental studies have investigated the reaction of monochelic
polymer chains to form interfacial diblock copolymer during mixing.37,52,58,68,106,110,113
The mixing process itself, however, contributes complex flow effects and constantly
changing interfacial morphology to a system that is already complex due simply to
the nature of the in situ reaction. Other studies have monitored the formation of graft
copolymer at an immiscible polymer interface through the use of polymers with
multiple functionalities along the polymer chains62,64,114,115, but again, the fact that
copolymer chains with varying architectures can be formed, as well as possible
crosslinking of the copolymer, add complexity and ambiguity to developing an
understanding of the reaction process and resultant interfacial morphological changes
in these systems. Other experimental studies have monitored the reaction of
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Figure 3.1. A schematic of the reaction that takes place between the carboxylic acid
and epoxy groups that were present on the reactive polymer chain ends.
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functionalized polymer chains at the interface between a matrix polymer and an
already crosslinked, functionalized polymer surface.116,117 The fact that the
functionalized polymer surface is immobile, and that subsequently, any copolymer
formed would likewise be immobile, limits the applicability of this analysis to
reactively compatibilized systems that may be commercially viable.
The model system and architecture used in these studies were designed to
simplify the study of reactive blending and allow the isolation of a handful of
parameters, such that the effects of varying these parameters on the kinetics of the
interfacial reaction and resultant interfacial morphology in the system can be
elucidated. A limited number of recent experimental studies carried out on the in situ
formation of diblock copolymer at immiscible polymer blend interfaces have
attempted to simplify the study of this process through the use of sample architectures
similar to the one used here.63,66,67,118
Through the use of this model system, the impact of altering the telechelic
molecular weight and reaction time on the reaction rate and extent of reaction of the
copolymer formation process were investigated. We compare our results to current
theories that model the reaction of singly functionalized chains to form interfacial
diblock copolymer surfactant to determine if triblock copolymer formation behaves
similarly. Unfortunately, this comparison to diblock copolymer formation theory is
necessary, as no theoretical treatment of the in situ interfacial formation of multiblock
copolymers through the reaction of telechelics has yet been formalized.
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3.2 Experimental
Table 3.1 lists all polymers used in this study along with pertinent molecular
weight information. Bilayer samples consisting of PS/dPS telechelic and
PMMA/PMMA-COOH layers were prepared as outlined in Section 2.5 A. For all
samples made, the silicon substrates were cleaned prior to use by placement in a hot
piranha solution. Ellipsometry of the resulting silicon oxide layer provided its
thickness for future analysis. A 2% wt solution in toluene of PMMA/PMMA-COOH
(50% wt) was spin-coated onto the cleaned silicon substrates. A 2.5% wt PS/d-PS
diepoxy (90% / 10% wt) in toluene solution was spin-coated onto a glass slide,
floated onto nanopure water, and picked up onto the PMMA coated substrates to form
bilayer samples. The samples were dried under ambient conditions for 4 hours and
under vacuum for 24 hours. A schematic of the sample geometry with layer
thicknesses and reactive polymer volume fractions is shown Figure 3.2. Samples
were annealed at 150° C under vacuum for 15 minutes, 4 hours, 24 hours, and 108
hours, and reflectivity measurements were taken on the initial as cast films and after
each successive annealing step.
3.3 Results
After the neutron data was collected and reduced using ReflFit (NIST,
Gaithersburg, MD), the data was in the form of measured reflectivity, R(Qz), versus
Qz. Figures 3.3-3.7 show the evolution of measured reflectivity with annealing time
for all of the telechelic molecular weights studied. As discussed in Section 2.5 C, the
fact that the telechelic polystyrene chains are perdeuterated, along with the fact that
neutron reflectivity provides a method to measure the reflectivity of the sample as a
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Table 3.1. Molecular weight characteristics of all the polymers used in this study.
Polymer

Mn (g/mol)

Mw (g/mol)

PDI

PS
PMMA
PMMA-COOH
dPS-diepoxy 5K
dPS-diepoxy 10K
dPS-diepoxy 19K
dPS-diepoxy 50K
dPS-diepoxy 80K

656 000
337 000
13 500
3 300
9 300
17 600
46 300
73 400

735 000
377 500
15 400
3 500
10 000
19 000
50 000
80 000

1.12
1.12
1.14
1.07
1.07
1.08
1.08
1.09
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140 nm
55 nm
PS/dPS diepoxy telechelic (10%)
PMMA/PMMA-COOH (50%)
Silicon
Figure 3.2. A schematic of the sample geometry used for this neutron reflectivity
study.
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Figure 3.3. The evolution of the measured reflectivity versus Q(z) for the 3.5K
molecular weight telechelic with increased annealing time.
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Figure 3.4. The evolution of the measured reflectivity versus Q(z) for the 10K
molecular weight telechelic with increased annealing time.
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Figure 3.5. The evolution of the measured reflectivity versus Q(z) for the 19K
molecular weight telechelic with increased annealing time.
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Figure 3.6. The evolution of the measured reflectivity versus Q(z) for the 50K
molecular weight telechelic with increased annealing time.

69

Figure 3.7. The evolution of the measured reflectivity versus Q(z) for the 80K
molecular weight telechelic with increased annealing time.
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function of sample depth, allows the construction of a depth profile of the sample and
the monitoring of the position of the telechelic polystyrene within our sample. In
order to begin constructing this depth profile, the scattering length density (SLD)
profiles of the samples must be derived from the measured reflectivity.
In order to determine the scattering length density profile for our samples, we
used two fitting programs, ParrattFit (Berlin, Germany) and Reflfit (NIST,
Gaithersburg, MD), to fit our data. A scattering length density profile was
constructed, based on known scattering length densities for various layers and layer
thicknesses as measured by ellipsometry, as well as our best estimations for the
unknown parameters. The fitting programs then calculate a model reflectivity curve
based on this model scattering length density profile. This calculated reflectivity is
then iteratively fit to the data by letting the unknown parameters vary in the model
scattering length density profile, and the goodness of fit is determined by the chi
squared parameter. The iterative variation of the SLD profile parameters is guided by
the difference between the fit and the experimental data. Chi squared is a nonparametric test of statistical significance defined in Equation 3.1.119
%1
2(
" 2 = + & 2 [ y i $ f ( x i )] )
*
N '# i

0 < "2 < ,

(3.1)

In Equation 3.1, N is the number of data points, /2 is the variance or the squared
! deviation of the measured reflectivity, y is the measured reflectivity, and
standard
i

f(xi) is the calculated reflectivity function. The scattering length density profile
parameters are varied until a minimum chi squared value is reached while still
maintaining a scattering length density profile that makes physical sense. For all
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samples investigated in this study, a chi-squared value of less than 6 was obtained for
all data sets, with the majority falling below 4. A representative reflectivity curve and
subsequent fit can be seen in Figure 3.8. Figure 3.9 shows the evolution of the
scattering length density profile for the 19K MW telechelic sample for all annealing
times investigated. No significant build up of copolymer at the PS/PMMA interface
is evident until 4 hours of annealing. The scattering length density profiles obtained
from the best fits of the specular NR data, taken at 4, 24, and 108 hour annealing
times for the 3.5K, 10K, 50K, and 80K MW telechelic samples, can be seen in
Figures 3.10-3.13, respectively.
Once the scattering length density profiles for each of the samples was
determined from the best fit to the reflectivity data, it was necessary to analyze this
data to determine the position of the telechelic within the samples as time progressed
in the annealing process. As discussed previously in section 2.5 A., the fact that the
dPS telechelic was deuterated allowed us to monitor its position in the depth profile
of our samples. As the samples are annealed for longer and longer times, the
telechelic migrates to the interface and reacts with the PMMA-COOH in the lower
layer of the sample. Thus, in order to quantify the amount of telechelic at the
interface, which is a good measure of the amount of copolymer formed at the
interface, the volume fraction of telechelic at or near the interface as a function of
annealing time must be gleaned from the scattering length density profile. As
mentioned previously, beginning with the four hour annealing time, a buildup of
copolymer begins to form between the PS and PMMA films for all telechelic
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Figure 3.8. A representative measured reflectivity curve and best fit of the data.
This data is for the 80K molecular weight telechelic sample after a 4 hour anneal.
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Figure 3.9. Evolution of the scattering length density profile with annealing time for
the 19K molecular weight telechelic sample.
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Figure 3.10. Evolution of the scattering length density profile with annealing time
for the 3.5K molecular weight telechelic sample.
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Figure 3.11. Evolution of the scattering length density profile with annealing time
for the 10K molecular weight telechelic sample.
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Figure 3.12. Evolution of the scattering length density profile with annealing time
for the 50K molecular weight telechelic sample.
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Figure 3.13. Evolution of the scattering length density profile with annealing time
for the 80K molecular weight telechelic sample.
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molecular weights studied. This layer continues to grow, as does the roughness
between the layers, with longer annealing times. The portion of the SLD profile that
incorporates this growing interfacial layer is converted to the volume fraction of
deuterated telechelic versus sample depth using Equation 3.2.120

"t =

(b /V ) h # (b /V ) m
(b /V ) h # (b /V ) t

(3.2)

In Equation 3.2, "t is the telechelic volume fraction, (b/V)h is the SLD of the
hydrogenated!matrix, (b/V)m is the SLD obtained from the model, and (b/V)t is the
SLD of the telechelic. As a simple approximation, the contribution of the
hydrogenated matrix to the measured SLD is described as a linear gradient with
respect to sample depth, z, from 1.34 x 10-6 Å-2 to 1.03 x 10-6 Å-2 , the scattering
length densities for pure PS and PMMA, respectively, across the interface between
the PS and PMMA layers.120 The resulting volume fraction curves from this
calculation for each telechelic molecular weight at 4, 24, and 108 hour annealing
times can be seen in Figures 3.14-3.18. Thus, this analysis provides a qualitative
measure of how much of the telechelic has migrated to the interface and reacted. The
volume fraction profile also gives a qualitative measure of how much the interface is
broadened by the formation of the copolymer. Further analysis will allow us to
quantify the amount of copolymer at the interface between the PS and PMMA layers.
By integrating the area under the curves generated in Figures 3.14-3.18, a
quantitative measure of the amount of copolymer formed at the interface, termed the
interfacial excess, z*, can be determined versus annealing time for the various
samples investigated. The limits of the interfacial peak over which the integration
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Figure 3.14. Evolution of the telechelic volume fraction at the interface versus
annealing time for the 3.5K molecular weight telechelic sample.
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Figure 3.15. Evolution of the telechelic volume fraction at the interface versus
annealing time for the 10K molecular weight telechelic sample.
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Figure 3.16. Evolution of the telechelic volume fraction at the interface versus
annealing time for the 19K molecular weight telechelic sample.
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Figure 3.17. Evolution of the telechelic volume fraction at the interface versus
annealing time for the 50K molecular weight telechelic sample.

83

Figure 3.18. Evolution of the telechelic volume fraction at the interface versus
annealing time for the 80K molecular weight telechelic sample.
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was carried out were taken as the last point on either side of the peak after which the
bulk polymer (PS or PMMA) layers began. Stated another way, the limits were the
last points after which the SLD of the bulk layers became constant. Interfacial
excess, which is given in units of length, in our case nanometers, is related to the
thickness of the copolymer layer that forms at the interface between the PS and
PMMA layers. The interfacial excess values were then normalized by the radius of
gyration of the telechelics so that the data could be compared between samples
containing different molecular weight telechelics. A plot of normalized interfacial
excess versus annealing time for each telechelic molecular weight can be seen in
Figure 3.19.
Interfacial excess is also related to the interfacial coverage, another measure
of the amount of copolymer formed at the interface with units of chains per unit area,
by the relationship shown in Equation 3.3.66
# z* & ) R
" = %% (( 0 g
$ Rg ' N

(3.3)

In Equation 3.3 +0 is the dPS telechelic segment density, which for this work was
! 2. R is the radius of gyration of the dPS telechelics, and was
taken as 6.43 chains/nm
g

calculated using Equation 3.4.7

Rg =

Nl 2
6

(3.4)

In Equation 3.4, l is the dPS segment length, taken for this work to be 6.8 Å. A plot

!
of the interfacial coverage
at the longest annealing time versus telechelic degree of
polymerization (N) can be seen in Figure 3.20.
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Figure 3.19. Normalized interfacial excess versus annealing time for all telechelic
molecular weights studied.
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Figure 3.20. The interfacial coverage at the longest anneal time versus degree of
polymerization for all telechelics studied.
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Another quantity that is important for a discussion of the effect that in situ
formed copolymer has on the morphology of the interfaces in our samples is the
interfacial width between the PS and PMMA layers. As it has been argued that a
reduction in interfacial tension results in more interfacial roughening and a greater
interfacial width, this gives a qualitative measure of how much the interfacial tension
has been reduced in the samples. As it has also been theorized that a reduction of the
interfacial tension to zero or below results in microemulsion formation108, direct
monitoring of the interfacial morphology, through the use of techniques such as TEM,
can offer insight into how corrugated the interface has become and whether or not the
interfacial tension has been reduced enough to form a microemulsion. In order to
calculate the interfacial widths of our samples, the telechelic volume fraction profiles
were first converted to homopolymer volume fraction profiles simply by subtracting
the telechelic volume fraction from 1, as the samples were comprised solely of
deuterated telechelic and hydrogenated homopolymer (along with PMMA-COOH
which we included with the homopolymers as it was also hydrogenated). A
representative curve of the homopolymer volume fraction can be seen in Figure 3.21
along with the telechelic volume fraction curve from which it was calculated. It
should be noted that the homopolymer volume fraction curve has been split at the
lowest point into the two curves, one representing the PS side of the interface and one
representing the PMMA side of the interface. These two sides of the interface were
fit with hyperbolic tangent functions, which have been shown to be good
approximations of the shape of polymer/polymer interfaces.121,122 Figure 3.22 shows
a representative plot of the homopolymer volume fraction profile fit with two
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Figure 3.21. The dPS telechelic volume fraction and the homopolymer volume
fraction at the interface versus sample depth for the 10K molecular weight telechelic
sample after a 24 hour anneal.
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Figure 3.22. The homopolymer volume fraction for the 10K molecular weight
telechelic sample after a 24 hour anneal. Both sides of the volume fraction profile are
fit with a hyperbolic tangent function in order to determine the interfacial width of the
sample.
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hyperbolic tangent functions. The values for the interfacial widths on the PS and
PMMA sides of the interface, as well as the total interfacial widths, which are simply
the sum of the interfacial widths on both the PS and PMMA sides of the interface, for
all samples at each annealing time can be seen in Table 3.2. The evolution of
interfacial width as a function of annealing time for each telechelic molecular weight
studied is represented graphically in Figure 3.23.
3.4 Discussion
A. Effect of Annealing Time
It is obvious from the plot of interfacial excess versus reaction time in Figure
3.19 that for all of the molecular weights studied, more of the telechelic segregates to
the PS/PMMA interfacial region with successive annealing after four hours, as
evidenced by the increase in interfacial excesses with successive annealing. This
provides evidence that the telechelics are, in fact, reacting with the PMMA-COOH
chains at the interface to form either diblock or triblock copolymer or both, as there is
no thermodynamic driving force for the telechelic to stay at or build up at the
interface in the amounts measured here, unless a reaction to form copolymer is
occurring.
No significant reaction, however, was noted for any of the telechelic
molecular weights after only 15 minutes of annealing. The time required for dPS
telechelic chains to diffuse from the top of the PS layer to the buried PS/PMMA
interface in our samples was estimated using equation 3.5 below.123
t diff =

x2
4D*

(3.5)
91

!

Table 3.2. Tabulated values of the interfacial widths as determined from analysis of
the neutron reflectivity data.
Sample
3.5K MW
Telechelic
4 hour anneal
24 hour anneal
108 hour anneal
10K MW
Telechelic
4 hour anneal
24 hour anneal
108 hour anneal
19K MW
Telechelic
4 hour anneal
24 hour anneal
108 hour anneal
50K MW
Telechelic
4 hour anneal
24 hour anneal
108 hour anneal
80K MW
Telechelic
4 hour anneal
24 hour anneal
108 hour anneal

PS Interfacial
Width (nm)

PMMA Interfacial
Width (nm)

Total Interfacial
Width (nm)

8.3
21.8
20.0

3.2
2.7
4.6

11.5
24.5
24.6

4.4
28.8
27.4

2.7
3.5
4.7

7.1
32.3
32.1

9.9
20.6
27.6

3.5
3.8
3.3

13.4
24.4
30.9

18.5
6.9
22.7

3.3
3.6
3.7

21.8
10.5
26.4

9.0
7.7
9.2

4.3
3.5
4.0

13.3
11.2
13.2
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Figure 3.23 The total interfacial width for each telechelic sample studied versus
annealing time.
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In Equation 3.5, tdiff is the time required for a polymer molecule with a self-diffusion
coefficient, D*, to diffuse a certain distance, x. The self-diffusion coefficient for dPS
with a molecular weight of 55K in an entangled PS matrix at 174°C has been reported
in the literature to have a value of 2.5 x 10-12 cm2/s.124 As the self-diffusion
coefficient of dPS scales as (chain length)-2, Equation 3.6 was used to estimate D* for
the telechelics used in this study.66

$N
'#2
*
Dtelechelic
= 2.5 "10#12 & telechelic )
% 550 (

(3.6)

In Equation 3.6, Ntelechelic is the degree of polymerization of the telechelics used in this

! these experiments were carried out at 150°C and the literature value
study. Because
of D* provides the telechelic self-diffusion coefficients at 174°C, the values of D* that
we obtained are a slight overestimation, but are a sufficiently accurate approximation
for the needs of this study. The calculated values of D* and the diffusion times for
each telechelic can be found in Table 3.3. It is important to note that the times listed
in Table 3.3 are the times required for a telechelic chain to diffuse completely from
the very top of the sample to the buried interface. As the dPS telechelic chains were
dispersed throughout the PS layer, the time for telechelic chains nearer the interface
to sample the interface will be substantially lower. Thus, the diffusion times listed
are the times required for all of the telechelic chains within the PS layer to have an
opportunity to sample the PS/PMMA interface. These times can be thought of as the
maximum times necessary for the rate of any telechelic chains reacting at the
interface to equal the rate at which new chains enter the interfacial area to replace the
reacting ones. As all of the characteristic diffusion times are less than one minute,
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Table 3.3. Calculated self-diffusion coefficients and characteristic diffusion times for
each telechelic molecular weight studied.
Telechelic Molecular
Weight
3.5K
10K
19K
50K
80K

Calculated Self Diffusion
Coefficients (nm2/min)
3.70 x106
4.72 x105
1.25 x105
1.82 x104
7.08 x103

Diffusion Time (minutes)
0.001
0.01
0.04
0.27
0.69
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and much less for the lower molecular weight telechelics, and no significant reaction
is seen in any of the samples after 15 minutes of annealing, it is clear that the
telechelic chains are able to sample the interface multiple times before any reaction
occurs, leading to the conclusion that the process of interfacial reaction in these
systems is not dependent on the dPS telechelic diffusion rate.
B. Interfacial Asymmetry
Note, in Table 3.2, that the interfaces for all molecular weights studied are
very asymmetrical. The PS side of the interface is always wider than the PMMA side
of the interface. In studies involving the in situ formation of diblock copolymer at
PS/PMMA interfaces, even when the PS monochelic is deuterated for detection and
the PMMA monochelic and bulk PS and PMMA are hydrogenated, the interface
between the PS and PMMA has been shown to be fairly symmetric.45,59,66,67,125 Recent
research in our group has focused on the investigation of adsorbed polymeric loops
on surfaces consisting of poly(vinyl pyridine-b-deuterated styrene-b-vinyl pyridine)
triblock copolymers adsorbed onto model silicon substrates. The morphology of
these loop layers were investigated using neutron reflectivity. It was found that the
scattering length density and volume fraction profiles of the looped chain layers
contained quite a long “tail” that decays away from the surface, a phenomenon not
seen with singly bound polymer brush layers. This experimental tail in the volume
fraction profile is attributed to the varied loop heights due to the distribution of
connection points of the functionalized chain ends on the silicon surface within the
samples. A schematic of this idea can be seen in Figure 3.24. If this argument holds
true for the samples investigated in this study as well, a “tail” in the scattering length
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PS side of
interface

PMMA side of
interface

Figure 3.24. Schematic of the various conformations that the loops in a polymeric
loop layer may adopt. This variation in loop heights, which is caused by the variation
in distance between reaction sites or connection points at the interface, should lead to
a longer tail in the copolymer volume fraction profile away from the interface on the
loop side, in our case the PS side, of the interface.
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density profile, as well as in the volume fraction profile, on the PS side of the
interface is expected but not on the PMMA side, as the triblock copolymer formed
would have its dPS loops on the PS side and only singly bound PMMA chain ends on
the PMMA side of the interface. This is exactly what the data displays. This “tail” in
the SLD profile and volume fraction profile manifests itself in a greater interfacial
roughness, and subsequently, greater interfacial width, on the PS side of the interface
as opposed to the PMMA side for all samples investigated. Thus, this strongly
indicates that we are not just forming diblock copolymer, but are, in fact, forming a
majority of triblock copolymer surfactant molecules, which displays a looped
conformation on the PS side of the interface.
C. Effect of Telechelic Molecular Weight
A plot of the interfacial excesses versus annealing time for all telechelic
molecular weight studied can be seen in Figure 3.19. The reaction of the lower
molecular weight telechelics (3.5K, 10K, and 19K MW) continues after the reaction
of the higher molecular weight telechelics (50K and 80K) slows down and levels off.
This could be attributed to the fact that as more copolymer is formed at the interface
and it becomes saturated, a fairly dense copolymer layer is formed. In this case, there
is an entropic penalty for an unreacted telechelic chain to stretch itself and enter this
brush layer in such a way as to direct its reactive endgroup(s) to the interface in the
correct orientation such that a reaction can occur.126 This entropic penalty would
become increasingly higher for increasing telechelic molecular weight, thus slowing
or completely impeding the reaction of higher molecular weight telechelics before the
reaction of low molecular weight telechelics is complete.
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A general trend can also be seen in Figure 3.19 in which copolymer formation
from lower molecular weight telechelics leads to higher interfacial excesses at the
longest annealing time. Also, Figure 3.23 shows that the total interfacial width at the
longest anneal time for the lower molecular weight telechelics is higher than that for
the higher molecular weight telechelics. Self consistent mean field theory
calculations by Shull and Kramer predict that lower molecular weight copolymer at
immiscible polymer interfaces can reduce the interfacial tension more than higher
molecular weight telechelics at a given interfacial coverage.108 Interfaces covered
with lower molecular weight telechelics are also more susceptible to thermal
fluctuations than interfaces covered with higher molecular weight copolymers.
Thus, the results presented in Figures 3.19, 3.20, and 3.23 can be explained by
this interpretation. Interfaces covered with copolymers of smaller chain lengths are
more susceptible to roughening than those covered by higher molecular weight
copolymer. More interfacial area can be realized by an interface perturbed by thermal
fluctuations and decreased interfacial tension. A schematic of this process of
increased reaction afforded by thermal fluctuations can be seen in Figure 3.25. As
thermal fluctuations cause small areas of interfacial curvature in random areas along
an interface, the interfacial tension increases due to the lowered copolymer coverage.
The system can then do two things to minimize this interfacial tension: revert to a
flatter interface or add copolymer to the new interfacial area through the reaction of
more reactive polymer chains. If the reaction of the reactive chains is sufficiently
fast, and not hindered by large entropic penalties due to high reactive chain molecular
weight, more copolymer will form. This results in an interface with more interfacial
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A.

B.

C.

Figure 3.25. Schematic of the increased reaction afforded by thermal fluctuations.
(A) Interface is saturated with copolymer. (B) Thermal fluctuations cause interfacial
curvature which lowers the copolymer coverage. More reactive chains approach
interface. (C) More copolymer is formed to again reduce the interfacial tension. The
interface is again saturated until further perturbation occurs.
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area, greater interfacial width, and higher interfacial excesses and coverages with
lower molecular weight reactive chains relative to those with higher molecular weight
reactive chains. As telechelic molecular weight increases, the interface is less
susceptible to roughening due to thermal fluctuations and the chemical potential
barrier to further reaction, in terms of the entropic penalty that a chain must pay to
stretch and reach the copolymer covered interface increases. Thus, total interfacial
coverage at a given reaction time decreases with increasing molecular weight.
Another possible explanation for this increase in copolymer interfacial excess,
interfacial coverage, and interfacial width with decreasing copolymer molecular
weight is related to the extent that the interfacial tension in an immiscible polymer
blend is affected by the addition of a copolymer surfactant at the interface. As
copolymer surfactant molecules are formed at the interface between two immiscible
polymers, the interfacial tension is expected to decrease.108 If the interfacial tension
of an immiscible polymer blend is driven to zero (or below), a very corrugated
interface may form, where the interface may consist of a microemulsion of small
droplets of each homopolymer phase in a matrix of the other homopolymer, which are
stabilized via a corona of the copolymer surfactant chains.114 This highly corrugated
or microemulsified interface leads to both increased interfacial excesses and
coverages, as there is more interface present to allow copolymer formation, as well as
an increase in overall interfacial width. This reasoning has been used to explain the
increased interfacial area seen in similar immiscible systems.61,66,67 Self consistent
mean field calculations carried out by Shull provide a method to predict the critical
copolymer interfacial excess required to drive the interfacial tension in an immiscible
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polymer blend to zero.114 Shull’s calculations lead to the relationship in Equation 3.7,
which is a measure of the change in interfacial tension as a result of interfacial
copolymer formation.73
"#$
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In Equation 3.7, N, a, and +0 are the degree of polymerization, the statistical segment
!
length, and the monomer
number density, respectively, of the dPS telechelic chains.

kB is Boltzman’s constant and T is temperature in absolute units. We used Shull’s
tabulated values of the change in interfacial tension versus the function of interfacial
" z* %
excess, * µ$$ ''dµ , shown in Equation 3.7, for the dry brush case73, as the degree of
() # Rg &
µ

polymerization of the matrix polystyrene is much higher than the degree of
! polymerization of the dPS telechelics for all systems studied here, resulting in a dry

brush situation. We use Equation 3.8, as defined by Helfand and Tagami, to define
the initial interfacial tension of an immiscible polymer blend.121
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In Equation 3.8, $ is the Flory interaction parameter. By dividing Equation 3.7 by

! at Equation 3.9, which relates the ratio of the change in
Equation 3.8, we arrive
interfacial tension to the initial interfacial tension,
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By examining Equation 3.9, it can be seen that when the right side of the equation is
one, the interfacial tension has been reduced to zero. Figure 3.26 is a plot of
interfacial excess versus the ratio of the change in interfacial tension to the initial
interfacial tension,

"#$
, for each of the telechelic molecular weights studied. This
$0

plot predicts that the 3.5K, 10K, 19K, 50K, and 80K molecular weight telechelic
! reach an interfacial tension of zero at normalized interfacial excess
samples will

values of 0.87, 1.28, 1.56, 1.99, and 2.22, respectively. Comparing these values to
the values of interfacial excess at the longest anneal time for each of the samples in
Figure 3.19 yields some interesting results. The 3.5K, 10K, and 19K molecular
weight telechelic sample interfacial excesses are all well above the theoretical values
that would lead to a zero interfacial tension. The 50K molecular weight telechelic
sample interfacial excess is almost exactly that of the critical value, and the 80K
molecular weight sample interfacial excess is well below the critical value at the
longest anneal time. Thus, if the SCMF theory predictions are correct, we should see
large interfacial widths for the 3.5K, 10K, and 19K, and possibly the 50K molecular
weight telechelic samples, and a much lower interfacial width for the 80K molecular
weight telechelic sample. This is exactly the trend seen in Figure 3.23. While the
three lowest molecular weight telechelic samples exhibit the largest interfacial width
and the 80K telechelic sample shows a much reduced interfacial width as compared
to the lower molecular weight samples, the 50K molecular weight telechelic sample
exhibits an interfacial width between the two extremes, while still being closer to the
lower molecular weight samples. Thus, it appears that the interfacial tension analysis
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Figure 3.26. The change in interfacial tension by the initial interfacial tension versus
normalized interfacial excess for each telechelic molecular weight studied.
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offers valuable insight into the underlying physics that control the interfacial
morphology of the systems investigated here. We cannot, however, be certain that
the interfacial tension has been reduced to zero without directly monitoring the
interfacial morphology in these systems. Transmission electron microscopy would
allow elucidation of the exact interfacial morphology in the systems studied, to verify
if, in fact, the interfacial tension has been reduced to zero and a microemulsion or
highly corrugated interface has formed.
Another interesting point to note is the difference in the volume fraction
profiles for the 3.5K telechelic molecular weight samples as opposed to all the other
telechelic molecular weight samples. A comparison of Figures 3.9 and 3.11, the
volume fraction profiles for the 3.5K and 19K telechelic molecular weight telechelic
samples, as well as the interfacial width values tabulated in Table 3.2, reveals several
interesting observations. The overall interfacial width at the longest anneal time is
very similar for both systems. The maximum intensity of the interfacial peak in the
volume fraction profiles at the longest anneal time, however, is vastly different for the
two systems. The 3.5K telechelic molecular weight sample displays a maximum peak
intensity that is only ~45% of that found for the 19K telechelic molecular weight
sample. It should be noted, however, that after only 4 hours of annealing, the 3.5K
telechelic molecular weight sample displays a maximum peak intensity value that is
very similar to that for the 19K telechelic molecular weight sample at the same 4 hour
anneal time, but with increased annealing this peak intensity goes down and the
interfacial width increases. We believe this variation in the maximum peak intensity
in the volume fraction profiles can be explained by microemulsion formation. As
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annealing progresses, the interface between the PS and PMMA would become more
diffuse as the microemulsion formed, due to the fact that there is less deuterated
material concentrated at any given sample depth, z, within the sample. This should
result in a lower dPS peak maximum in the scattering length density and volume
fraction profiles, yet the maximum peak value should be realized over a broader range
of sample depth, which is what is observed in this sample. As theory predicts that
lower molecular weight copolymers should lead to a greater reduction in interfacial
tension, even to the point of reducing the interfacial tension to zero or below, the
formation of a microemulsion would not be unexpected in the 3.5K telechelic
molecular weight sample. Further studies, using transmission electron spectroscopy,
would allow determination of whether or not a microemulsion is forming in this
sample. Even though the interfacial morphology of the 3.5K telechelic molecular
weight sample appears to be different from the other systems studied, however, the
asymmetry of the interface is still present, suggesting that triblock copolymers
capable of forming polymeric loops across the interface are still being created.
D. Reaction Kinetics
In all cases studied here, the kinetics of the in situ interfacial reaction do not
appear to be diffusion-controlled, as many of the current theories of polymeric
interfacial reactions suggest. There are several facts that support this statement. As
was previously discussed, the fact that no significant reaction is detected after a 15
minute anneal, especially for the lower molecular weight telechelics, was the first
inclination that the process of interfacial reaction in these systems is not diffusioncontrolled.
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We also attempted, during the data fitting procedure, to add a depletion layer,
a layer near the interface that has a lower telechelic volume fraction characteristic of a
diffusion-controlled reaction, to all fits of our data and, in all cases, we were
unsuccessful as this layer would go to zero thickness or equilibrate with an SLD
matching that of the bulk polystyrene layer, as the iterative fitting process progressed.
The presence of this depletion layer has been used as evidence of diffusion-controlled
interfacial reactions in other immiscible polymer-polymer systems44,59, and we simply
do not see it in any of the samples we investigated.
Finally, we compared the time evolution of the interfacial excess to the
diffusion-controlled theory of interfacial reaction kinetics proposed by Fredrickson
and Milner.72 In this model, three distinct regimes in the process of polymeric
interfacial reaction are theorized. In the first regime, the growth of the interfacial
excess with reaction time is determined according to Equation 3.10.
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Equation 3.11 gives the equation that defines the rate constant, k, in Equation 3.10.
!
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In Equations 3.10 and 3.11, 00 is the longest Rouse time, 0 is the reptation time, #0 is
the number density!of telechelic chains, and +0 is the segment density of the telechelic
chains. This first regime describes the reaction of the reactive chains in the
immediate vicinity of the interface. This regime is short-lived (generally less than
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one second) and quickly crosses over to the second diffusion-controlled regime.
Equation 3.12 describes this second diffusion-controlled regime.
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The second regime can last any where from several seconds to several minutes. This

!

intermediate diffusion-controlled regime crosses over to the last regime when the
interfacial excess reaches the critical value 1m. 1m is the interfacial excess value at
which the chemical potential barrier to further reaction, µ, is on the order of kBT.
This is the point at which enough copolymer has accumulated at the interface that the
entropy loss required of a reactive chain to enter the copolymer layer and react attains
a significant value and begins affecting the reaction kinetics. In other words, the free
energy barrier to further reaction becomes sufficiently large such that further reaction
is significantly impeded. The interfacial excess grows much more slowly in this third
regime due to the entropic penalty that must be overcome by any newly reacting
chains. The kinetics of this third regime are defined in Equation 3.13.
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In Equation 3.13, 01 is the crossover time from the second to the third regime. Shull’s
!
!
self-consistent
mean field theory result of z*/R = 0.8 for µ/k T = 1 was used for the
g

B

value of 1m.73
In Figures 3.27-3.31, we have plotted the kinetics of each of our telechelic
samples as predicted by the Fredrickson-Milner theory with the experimental data
collected for each sample. It is evident that in all cases the Fredrickson-Milner theory
108

Figure 3.27. The experimentally determined normalized interfacial excess versus
annealing time for the 3.5K molecular weight telechelic sample along with the
Frederickson-Milner theoretical predictions for this system.
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Figure 3.28. The experimentally determined normalized interfacial excess versus
annealing time for the 10K molecular weight telechelic sample along with the
Frederickson-Milner theoretical predictions for this system.
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Figure 3.29. The experimentally determined normalized interfacial excess versus
annealing time for the 19K molecular weight telechelic sample along with the
Frederickson-Milner theoretical predictions for this system.
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Figure 3.30. The experimentally determined normalized interfacial excess versus
annealing time for the 50K molecular weight telechelic sample along with the
Frederickson-Milner theoretical predictions for this system.
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Figure 3.31. The experimentally determined normalized interfacial excess versus
annealing time for the 80K molecular weight telechelic sample along with the
Frederickson-Milner theoretical predictions for this system.
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overestimates the kinetics of the interfacial reaction process. Thus, based on this,
along with the above arguments, we are confident that the interfacial reaction
between PS telechelics and PMMA-COOH in the bilayer PS/PMMA system that we
have investigated is not a diffusion-controlled process. This is a significant result as
most of the current theories of the reaction of functionalized chains at soft polymeric
interfaces predict diffusion-controlled kinetics at some point during the reaction
process.
While it is clear that the reaction studied here is not diffusion-controlled, a
more quantitative measure of the kinetics of the interfacial reaction process was still
desired. Attempts to quantify the kinetics of the reaction process began with an
attempt to determine the reaction rate constants using Jiao’s modification of Kramer’s
purely reaction controlled model of interfacial polymeric reactions.61 This analysis
proved unsuccessful, as it has in other studies118, leading us to believe that there are
factors beyond the simple reaction rate constant that affects the kinetics of the process
that are unaccounted for by this and other theoretical models of the in situ interfacial
formation of copolymer in immiscible polymer blends. Jiao’s model assumes that the
matrix molecular weight plays no role in the kinetics of copolymer formation and
does not take into account the reduction in interfacial tension that copolymer
formation produces. The model also uses values from Shull’s SCMF theory of brush
formation, which assumes brush attachment to a hard surface and does not take into
account the entropic loss of the PMMA-COOH chains after reaction. Thus, there are
many additional factors that must be accounted for in a unified theory of in situ
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copolymer formation at immiscible polymer interfaces to accurately model
experimental results.
Thus, while we could not determine the quantitative reaction rate constants for
the systems studied here, a qualitative understanding of the kinetics of the reaction
that is taking place in our systems was still desirable. In order to do this, the
evolution of the interfacial excess with reaction time was fit using a very basic
equation that allows the determination of two parameters, % and 0, which provide a
qualitative measure of the speed and extent of reaction, respectively. The equation
that we used to calculate these values can be seen in Equation 3.14 below.61
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0 is a measure of how quickly the reaction reaches a steady state and % is a

!
measure of the maximum
interfacial excess that the system obtains at steady state.
The values that we obtained from these fits can be seen in Table 3.4. Plots of % and 0
versus molecular weight can be seen in Figures 3.32 and 3.33, respectively. For all
telechelic molecular weights studied, the % values are similar to the maximum
interfacial excess values measured at the longest anneal times seen in Figure 3.19.
While a qualitative look at Figure 3.19 suggests that the reaction has neared
completion or reached steady state during the annealing times investigated, due to the
plateau of interfacial excess at long anneal times, the quantitative alpha values further
support this conclusion. The values of 0 that are calculated for each telechelic
molecular weight again support this conclusion as 0 is never more that 20 hours for
any of the telechelic molecular weights studied. It is interesting to note that there is a
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Table 3.4. Tabulated values of % and 0 calculated for each telechelic molecular
weight studied.
Telechelic Molecular Weight (g/mol)
3.5K
10K
19K
50K
80K

% (Normalized Interfacial Excess)
2.9
3.3
2.9
2.0
0.62

0 (Hours)
3.6
15.4
12.1
19.1
5.5
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Figure 3.32. The calculated % values, a qualitative measure of the maximum
interfacial excess that a system may reach, as a function of the degree of
polymerization of the telechelics studied.
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Figure 3.33. The calculated 0 values, a qualitative measure of the time required for a
system to reach its maximum interfacial excess, as a function of the degree of
polymerization of the telechelics studied.
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general trend of 0 increasing with increasing molecular weight up to ~20 hours for the
50K molecular weight telechelic sample. The 80K sample, however, shows a much
lower value of 0, less than six hours.
This anomaly can be explained by remembering that all of the telechelic
molecular weights studied, with the exception of the 80K sample, displayed
interfacial excess above the critical value for the interfacial tension to go to zero. It is
expected that the reaction time necessary to reach steady state increases with
telechelic molecular weight, based on the free energy barrier argument that the
entropic penalty for an unreacted chain to adopt a stretched conformation to enter a
partially formed copolymer brush increases with molecular weight. It appears that
the interfacial tension has not been sufficiently reduced n the 80K molecular weight
telechelic sample to allow significant fluctuations at the interface, and thus, the
interface is quickly saturated with the maximum allowable copolymer. This leads to
a steady state with a much reduced copolymer interfacial excess that is reached much
more quickly. Thus, we can conclude that the magnitude of the reduction in the
interfacial tension also plays a significant role in the kinetics of the in situ interfacial
reaction of telechelics at immiscible polymer interfaces, as well as the structure of the
modified interface.
The discussion of the % and 0 values above, as well as the previous discussion
in Section 3.3 B., indicates that the molecular weight of the telechelic is a critical
parameter that impacts the kinetics of the interfacial reaction process. While it could
be argued that the difference in the diffusion rates of the different molecular weight
telechelics could be responsible for the variation in the kinetics of the interfacial
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reaction, we have shown that in all cases the telechelic chains can sample the
interface many, many times before significant reaction is detected, and thus, the
process is not diffusion-controlled. It could also be argued that Flory’s theory of
equal reactivity127 does not hold for this system, and that the size of the polymer chain
has an effect on the reactivity of the functional end group. We believe, however, that
other arguments related to the thermodynamics of the process can offer sufficient
explanation. As discussed in Section 3.4 B., the entropic penalty for higher molecular
weight chains is greater as they approach an interface that is partially covered with
copolymer. This should slow the kinetics of the reaction process for higher molecular
weight telechelics. Also, the fact that interfaces covered with lower molecular weight
telechelics are more susceptible to thermal fluctuations, as discussed in section 3.4 B.,
implies that there is more interfacial area at any given time with lower molecular
weight copolymers, and this should lead to more reaction sites and thus, a higher
reaction rate in a given time frame, for lower molecular weight telechelics.
Finally, one possible explanation for the general trend of decreased interfacial
excesses and interfacial coverages with higher molecular weight telechelics concerns
the end group concentration variation with varying molecular weight. As the overall
concentration by weight of the telechelics was held constant for all systems studied,
the concentration of reactive end groups decreases with increasing telechelic
molecular weight. This could translate into lower interfacial excesses and coverages
if the reaction to form copolymer progresses to a similar extent for each system.
Further studies involving careful molecular weight characterization and extent of
reaction calculations of the in situ formed copolymer, using techniques such as size
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exclusion chromatography with florescence detection, could offer insight into the
importance of this factor.
3.5 Conclusions
The experiments carried out here have shown that the in situ reaction of
telechelics at soft, immiscible polymer/polymer interfaces to form copolymer
surfactant molecules is not a diffusion-controlled process, contrary to most theoretical
treatments of the process. While no current theory of the reaction process fits our
data well, we have elucidated several parameters, including telechelic molecular
weight and the magnitude of the reduction in interfacial tension, that appear to play a
role in the kinetics of the interfacial reaction process and that must be considered in
future theoretical models. We have shown that copolymers formed from smaller
molecular weight telechelics produce a more substantial reduction in interfacial
tension, as evidenced by the larger interfacial widths relative to higher molecular
weight telechelics. The interfacial excesses measured at the longest annealing time
for the smaller molecular weight copolymer samples (<80K molecular weight
telechelic) are all above the theoretical value at which the interfacial tension should
be zero. This leads to the conclusion that the concentration of triblock copolymers
formed from lower molecular weight telechelics is higher at the interface and that
these interfaces modified with low molecular weight telechelics experience a greater
reduction in the interfacial tension, and thusly, are more susceptible to thermal
fluctuations. It is beyond the scope of these experiments, however, to determine
whether or not the interfacial tension has actually been reduced to zero or below.
Further experiments, such as transmission electron microscopy studies, could offer
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insight into whether interfacial tensions have been reduced to zero as evidenced by
microemulsion formation at the modified interfaces.
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Chapter 4
THE EFFECT OF END GROUP FUNCTIONALITY ON THE KINETICS OF
THE REACTION OF TELECHELICS AT A SOFT POLYMERIC
INTERFACE

4.1 Introduction
In order to better understand the parameters that govern the in situ formation
of molecular loops at soft polymeric interfaces, as well as understand the kinetics of
the in situ blocky copolymer formation, we have investigated the reaction of
telechelic polymers at a soft polymeric interface using a model bilayer system
consisting of polystyrene (PS) and poly(methyl methacrylate) (PMMA), and the
results of this study were presented in Chapter 3. The reaction of deuterated epoxy
terminated polystyrene telechelics (dPS telechelics) with monochelic carboxy
terminated poly methyl methacrylate (PMMA-COOH) at the interface between the PS
and PMMA was monitored with neutron reflectivity. The work presented in Chapter
3 laid the groundwork for understanding the parameters that govern the reaction of
telechelics at soft polymeric interfaces to form triblock copolymers capable of
molecular loop formation. Through this work, the relationships between telechelic
molecular weight and reaction time versus reaction rate and extent of reaction were
investigated. We compared our results to the current theories of the reaction of singly
functionalized chains to form interfacial diblock copolymer surfactant to determine if
triblock copolymer formation behaves similarly.
The work presented in this chapter seeks to further understand how different
reactive pairs on the ends of the dPS telechelic and PMMA monochelic chains further
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affects the kinetics and resultant interfacial morphology of this in situ interfacial
reaction process. While Chapter 3 focused on a system containing epoxy end-capped
dPS telechelics and carboxy terminated PMMA monochelics, the study presented
here focuses on two different systems consisting of telechelics with epoxy and
anhydride end groups reacting with amine terminated PMMA monochelics (PMMANH2). Previous studies have monitored the kinetics of and extent of reaction of these
three reactive pair systems, along with several others, to form interfacial diblock
copolymer molecules at immiscible polymer interfaces during the melt mixing
process.51 The mixing process itself, however, contributes complex flow effects and
constantly changing interfacial morphology to a system that is already complex due
simply to the nature of the in situ reaction. Understanding how this differing
reactivity affects the reaction in an unmixed bilayer system will offer further insight
and understanding, and ultimately better control, over the in situ reaction of
functionalized polymers to form interfacial molecular loops for compatibilization of
various immiscible polymeric systems.
A schematic of the reaction that takes place between the epoxy and amine and
amine and anhydride functionalities on the polymer chain ends can be seen in Figure
4.1. As was the case for the work presented in Chapter 3, a model bilayer system
consisting of polystyrene (PS) and poly(methyl methacrylate) (PMMA), with either
epoxy or amine terminated telechelic dPS chains in the PS layer and monochelic
PMMA-NH2 chains in the PMMA layer, was used to investigate the in situ reactions
of these functionalized chains to produce blocky type copolymers at the interface
between the PS and PMMA layers. A thorough discussion of why this experimental
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Figure 4.1. A schematic of the reaction that takes place between the epoxy and
amine groups and the anhydride and amine groups during the in situ reaction process.
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architecture and group of polymers were chosen for this work can be found in section
3.1 of Chapter 3.
4.2 Experimental
Table 4.1 lists all polymers used in this study along with pertinent molecular
weight information. Bilayer samples consisting of PS/dPS telechelic (end
functionalized with either epoxy or anhydride groups) and PMMA/PMMA-NH2
layers were prepared in the same manner as the samples that were used in the
experiments outlined in Chapter 3. A schematic of the sample geometry with layer
thicknesses and reactive polymer volume fractions is shown Figure 4.2. Samples
were annealed at 150° C under vacuum for 15 minutes, 4 hours, 24 hours, and 72
hours, and reflectivity measurements were taken after each successive annealing step.
4.3 Results
The neutron data collected for this study was analyzed in an identical manner
to the procedure outlined in section 3.3 of Chapter 3. After the neutron data was
collected and reduced using ReflFit (NIST, Gaithersburg, MD), the data was in the
form of measured reflectivity, R(Qz), versus Qz. Figures 4.3-4.8 show the evolution
of measured reflectivity with annealing time for both reactive pair systems and for all
of the telechelic molecular weights studied. In order to determine the scattering
length density profile for our samples, we used two fitting programs, ParrattFit
(Berlin, Germany) and Reflfit (NIST, Gaithersburg, MD), to fit our data. For all
samples investigated in this study, a chi-squared value of less than 6 was obtained for
all data sets, with the majority falling below 4. The scattering length density profiles
obtained from the best fits of the specular NR data, taken at 24 and 72 hour annealing
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Table 4.1. Molecular weight characteristics of all the polymers used in this study.

Polymer

Mn (g/mol)

Mw (g/mol)

PDI

PS
PMMA
PMMA-NH2
dPS-diepoxy 3.5K
dPS-diepoxy 50K
dPS-diepoxy 80K
dPS-dianhydride 10K
dPS-dianhydride 40K
dPS-dianhydride 90K

656 000
337 000
120 000
3 300
46 300
73 400
9 000
37 500
84 200

735 000
377 500
129600
3 500
50 000
80 000
9 800
40 500
90 900

1.12
1.12
1.08
1.07
1.08
1.09
1.09
1.08
1.08
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140 nm
55 nm
PS/dPS dianhydride/diepoxy
telechelic (10%)
PMMA/PMMA-NH2 (50%)
Silicon
Figure 4.2. A schematic of the sample
geometry used for this neutron reflectivity
study.
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Figure 4.3. The evolution of the measured reflectivity versus Q(z) for the 3.5K
molecular weight telechelic sample in the epoxy-amine reactive pair system with
increased annealing time.
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Figure 4.4. The evolution of the measured reflectivity versus Q(z) for the 50K
molecular weight telechelic sample in the epoxy-amine reactive pair system with
increased annealing time.
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Figure 4.5. The evolution of the measured reflectivity versus Q(z) for the 80K
molecular weight telechelic sample in the epoxy-amine reactive pair system with
increased annealing time.
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Figure 4.6. The evolution of the measured reflectivity versus Q(z) for the 10K
molecular weight telechelic sample in the anhydride-amine reactive
pair system with increased annealing time.
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Figure 4.7. The evolution of the measured reflectivity versus Q(z) for the 40K
molecular weight telechelic sample in the anhydride-amine reactive pair system with
increased annealing time.
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Figure 4.8. The evolution of the measured reflectivity versus Q(z) for the 90K
molecular weight telechelic sample in the anhydride-amine reactive pair system with
increased annealing time.
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times for the epoxy-amine reactive pair system samples can be seen in Figures 4.94.11. The scattering length density profiles obtained from the best fits of the specular
NR data, taken at 15 minutes, 4 hours, 24 and 72 hour annealing times for the
anhydride-amine reactive pair system samples can be seen in Figures 4.12-4.14.
Once the scattering length density profiles for each of the samples was
determined from the best fit to the reflectivity data, it was necessary to analyze this
data to determine the position of the telechelic within the samples as time progressed
in the annealing process. As discussed previously in section 2.5 A. of Chapter 2, the
fact that the dPS telechelic was deuterated allowed us to monitor its position in the
depth profile of our samples. As the samples are annealed for longer and longer
times, the telechelic migrates to the interface and reacts with the PMMA-NH2 in the
lower layer of the sample. The portion of the SLD profile that incorporates this
growing interfacial layer is converted to the volume fraction of deuterated telechelic
versus sample depth using Equation 3.2. The resulting volume fraction curves from
this calculation for each telechelic molecular weight of the epoxy-amine reactive pair
system at 24 and 72 hour annealing times can be seen in Figures 4.15-4.17. The
resulting volume fraction curves from this calculation for each telechelic molecular
weight of the anhydride-amine reactive pair system at 15 minute, 4, 24, and 72 hour
annealing times can be seen in Figures 4.18-4.20.
By integrating the area under the curves generated in Figures 4.15-4.20, a
quantitative measure of the amount of copolymer formed at the interface, the
interfacial excess, z*, was determined versus annealing time for the various samples
investigated in a similar manner to the analysis outlined in Chapter 3. A plot of
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Figure 4.9. Evolution of the scattering length density profile with annealing time
for the 3.5K molecular weight telechelic sample in the epoxy-amine reactive pair
system.
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Figure 4.10. Evolution of the scattering length density profile with annealing time
for the 50K molecular weight telechelic sample in the epoxy-amine reactive pair
system.
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Figure 4.11. Evolution of the scattering length density profile with annealing time
for the 80K molecular weight telechelic sample in the epoxy-amine reactive pair
system.
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Figure 4.12. Evolution of the scattering length density profile with annealing time
for the 10K molecular weight telechelic sample in the anhydride-amine reactive pair
system.
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Figure 4.13. Evolution of the scattering length density profile with annealing time
for the 40K telechelic molecular weight sample in the anhydride-amine reactive pair
system. The inset is just a magnification of the interfacial region for clarity.
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Figure 4.14. Evolution of the scattering length density profile with annealing time
for the 90K molecular weight telechelic sample in the anhydride-amine reactive pair
system.
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Figure 4.15. Evolution of the telechelic volume fraction at the interface versus
annealing time for the 3.5K molecular weight telechelic sample in the epoxy-amine
reactive pair system.
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Figure 4.16. Evolution of the telechelic volume fraction at the interface versus
annealing time for the 50K molecular weight telechelic sample in the epoxy-amine
reactive pair system.
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Figure 4.17. Evolution of the telechelic volume fraction at the interface versus
annealing time for the 80K molecular weight telechelic sample in the epoxy-amine
reactive pair system.
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Figure 4.18. Evolution of the telechelic volume fraction at the interface versus
annealing time for the 10K molecular weight telechelic sample in the anhydrideamine reactive pair system.
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Figure 4.19. Evolution of the telechelic volume fraction at the interface versus
annealing time for the 40K molecular weight telechelic sample in the anhydrideamine reactive pair system.
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Figure 4.20. Evolution of the telechelic volume fraction at the interface versus
annealing time for the 90K molecular weight telechelic sample in the anhydrideamine reactive pair system.
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normalized interfacial excess values versus annealing time for each telechelic
molecular weight of the epoxy-amine and anhydride-amine reactive pair systems can
be seen in Figures 4.21 and 4.22, respectively.
Interfacial excess is also related to the interfacial coverage, another measure
of the amount of copolymer formed at the interface with units of chains per unit area,
as described in Chapter 3. A plot of the interfacial coverage at the longest annealing
time versus telechelic degree of polymerization (N) for both the epoxy-amine and
anhydride-amine reactive pair systems can be seen in Figures 4.23 and 4.24,
respectively.
Another quantity that is important for a discussion of the effect that in situ
formed copolymer has on the morphology of the interfaces in our samples is the
interfacial width between the PS and PMMA layers, which is determined from the
SLD profiles as described in Chapter 3. The values for the interfacial widths on the
PS and PMMA sides of the interface, as well as the total interfacial widths, which are
simply the sum of the interfacial widths on both the PS and PMMA sides of the
interface, for all samples at each annealing time can be seen in Table 4.2. The
evolution of interfacial width as a function of annealing time for each telechelic
molecular weight studied of both the epoxy-amine and anhydride-amine reactive pair
systems is represented graphically in Figure 4.25 and 4.26, respectively.
4.4 Discussion
A. Interfacial Asymmetry
Note, in Table 4.2, that for the case of the epoxy-amine reactive pair samples,
the interfaces, for all molecular weights studied, are very asymmetrical. The PS side
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Figure 4.21. Normalized interfacial excess versus annealing time for all telechelic
molecular weights studied in the epoxy-amine reactive pair system.
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Figure 4.22. Normalized interfacial excess versus annealing time for all telechelic
molecular weights studied in the anhydride-amine reactive pair system.
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Figure 4.23. The interfacial coverage at the longest anneal time versus
degree of polymerization for all telechelics studied in the epoxy-amine reactive pair
system.
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Figure 4.24. The interfacial coverage at the longest anneal time versus degree of
polymerization for all telechelics studied in the anhydride-amine reactive pair
system.
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Table 4.2. Tabulated values of the interfacial widths as determined from analysis of
the neutron reflectivity data.
Sample

PS Interfacial
PMMA Interfacial
Width (nm)
Width (nm)
Epoxy-Amine Reactive Pair System

Total Interfacial
Width (nm)

3.5K MW Telechelic

24 hour anneal
72 hour anneal

36.0
35.8

8.6
8.9

44.6
44.7

28.0
35.6

3.7
3.5

31.7
39.1

50K MW Telechelic

24 hour anneal
72 hour anneal
80K MW Telechelic

24 hour anneal
72 hour anneal

34.11
4.3
34.4
4.7
Anhydride-Amine Reactive Pair System

38.4
39.1

10K MW Telechelic

15 minute anneal
4 hour anneal
24 hour anneal
72 hour anneal

15.5
13.8
14.5
14.0

17.3
15.3
15.6
15.1

32.8
29.1
30.1
29.1

31.9
22.4
20.7
23.7

7.6
7.6
6.3
8.7

39.5
30.0
27.0
32.4

25.3
26.7
25.1
24.9

3.7
5.9
5.5
5.9

28.0
32.6
30.6
30.8

40K MW Telechelic

15 minute anneal
4 hour anneal
24 hour anneal
72 hour anneal
90K MW Telechelic

15 minute anneal
4 hour anneal
24 hour anneal
72 hour anneal
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Figure 4.25. The total interfacial width for each telechelic sample studied in the
epoxy-amine reactive pair system versus annealing time.
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Figure 4.26. The total interfacial width for each telechelic sample studied in the
anhydride-amine reactive pair system versus annealing time.
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of the interface is always wider than the PMMA side of the interface. As was
discussed for the epoxy-carboxy reactive pair system in section 3.4A of Chapter 3, we
believe this indicates the presence of triblock copolymer molecules at the immiscible
interface between the PS and PMMA layers that are in a looped conformation across
the interface. Thus, similar to the results for the epoxy-carboxy reactive pair systems
studied in Chapter 3, this indicates that we are not just forming diblock copolymer,
but are forming mostly triblock copolymer surfactant molecules which display a
looped conformation on the PS side of the interface.
In the case of the anhydride-amine reactive pair samples, however, the 10K
molecular weight telechelic sample interface appears fairly symmetric with respect to
the PS and PMMA sides. Based on the asymmetrical interface argument used above,
this leaves some question as to whether we are, in fact, forming interfacial
copolymers layers that contain a large majority of triblock copolymer molecules with
the 10K molecular weight telechelics in the anhydride-amine system, or whether the
surfactant layers contain mostly diblock copolymer molecules. While the buildup of
deuterated material at the interface proves that we are forming some type of
copolymer at the interface between the PS and PMMA layers in the 10K molecular
weight telechelic sample of the anhydride-amine reactive pair system, further studies
are necessary to determine the exact morphology of the copolymer molecules being
formed. Further investigation, using such techniques as SEC along with sensitive
fluorescence detection methods, could provide insight into the molecular weights of
the in situ formed copolymers that would elucidate whether the majority of the
copolymer molecules being formed are triblocks or diblocks. However, for the other
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two molecular weights studied in the anhydride-amine reactive pair system (40K and
90K), in all cases the interfaces are very asymmetric with a much broader distribution
on the PS side of the interface, and thus, we are confident that we are forming triblock
copolymer molecules capable of molecular loop formation in these systems.
B. Effect of Annealing Time
For both the epoxy-amine and amine anhydride reactive pair systems studied
here, the data proves that we are forming copolymer at the interface between the PS
and PMMA layers after sufficient annealing time. Evidence for this can be seen in
the buildup of deuterated material at the interface between the PS and PMMA layers
in the scattering length density profiles of the various samples, seen in Figures 4.94.14. This buildup of deuterated telechelic chains at the interface is evidence that a
reaction is taking place as there is no thermodynamic reason for the telechelic to
reside at the interface in the concentrations measured here unless a reaction to form
copolymer molecules is taking place. The time that is sufficient for this reaction to
take place for the two different reactive pair systems is vastly different, however. No
significant reaction is detected for any molecular weight of the epoxy-amine reactive
pair system until 24 hours of annealing has occurred. Reaction is detected in the
anhydride-amine reactive pair systems, however, for all telechelic molecular weights
studied, after only 15 minutes of reaction time. It should also be noted that, for the
epoxy-carboxy reactive pair system studied in Chapter 3, there was an increase in the
interfacial excess of the in situ formed copolymer as reaction time progressed from 4
hours up to 24 hours, followed by a leveling off to some maximum interfacial excess
value that varied with molecular weight, which we attribute to the reaction in each
157

sample having reached completion or steady state under the given reaction conditions.
This phenomenon is not seen for the two reactive pairs studied here, however.
While no reaction is detected for the epoxy-amine reactive pair system until
24 hours of anneal time, further annealing does not significantly increase the
interfacial excesses in these systems. We believe that this can be attributed to the fact
that there is a 20 hour gap between the 4 and 24 hour annealing times investigated in
this work. While no reaction was detected after 4 hours of reaction time, the reaction
most likely began to take place somewhere between 4 and 24 hours of annealing and
had already reached steady state or neared completion by the end of the 24 hour
annealing process. In further studies, it would be advantageous to more closely
monitor the reaction of the epoxy-amine reactive pair systems during the time
between 4 and 24 hours of reaction time to more clearly illuminate the exact onset of
reaction time and monitor the reaction progress during these early stages of the
process.
The case is much different for the anhydride-amine reactive pair system,
however. The maximum interfacial excess values are reached after only 15 minutes
of annealing for the two lowest molecular weights studied, and the interfacial
excesses actually decrease slightly with further annealing. While none of the
theoretical treatments considered in this work61,72 can explain this decrease in
interfacial excess with increased annealing time, at least one other study of a similar
anhydride-amine reactive pair system to form diblock copolymer surfactant
molecules presents similar findings.118 For the 90K telechelic molecular weight
sample, the reaction continues to progress until 4 hours of annealing, at which point
158

that reaction also appears to level off and near completion. As the reaction between
the anhydride and amine end groups of the functionalized polymers is much quicker
than the reaction of the epoxy-amine reactive pair, we again believe that further
studies, especially on the lower molecular weight telechelic samples, are necessary at
several reaction times less than 15 minutes in order to accurately monitor the onset of
reaction and the reaction progression before completion and/or steady state conditions
are reached. While the times necessary for the reaction of the anhydride-amine
reactive pair system to reach completion or steady state are much lower than those
measured for a similar bilayer system in which only monochelics were used to form
interfacial diblock copolymer molecules66,67,118, the reaction times measured here are
similar to those found for a similar anhydride-amine reactive pair system monitored
during melt mixing.51 Further studies are necessary to determine if the large
difference in reaction times between our study and the other bilayer sample
investigation is due solely to the difference in the reactivity of telechelics and
monochelics or whether other factors are affecting the reaction process.
The time required for dPS telechelic chains to diffuse from the top of the PS
layer to the buried PS/PMMA interface in our samples was estimated in a similar
manner as described in Chapter 3. The calculated values of D* and the diffusion
times for each telechelic used in this study can be found in Table 4.3. Based on these
calculated values of the diffusion times which are all less than one minute, it is
obvious that for the epoxy-amine reactive pair systems, at all molecular weights
studied, the telechelics are able to sample the interface multiple times before any
reaction occurs. Thus, we are confident that the reaction to produce copolymer at a
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Table 4.3. Calculated self-diffusion coefficients and characteristic diffusion times for
each telechelic molecular weight studied.
Telechelic Molecular
Weight
3.5K
10K
40K
50K
80K
90K

Calculated Self Diffusion
Coefficients (nm2/min)
3.70 x106
4.72 x105
2.84 x104
1.82 x104
7.08 x103
5.60 x103

Diffusion Time (minutes)
0.001
0.01
0.17
0.27
0.69
0.87
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PS/PMMA interface involving the reaction of epoxy and amine terminated polymer
chains is not dependent on the diffusion rate of the telechelic chains. Based solely on
this data, however, we cannot draw the same conclusion for the anhydride-amine
reactive pair system. The shortest anneal time that was investigated in this study was
15 minutes, and significant reaction had already taken place at that time for all
telechelic molecular weights studied in the anhydride-amine reactive pair system.
Thus, we cannot say with confidence when the onset of reaction occurred, and thus,
cannot state with confidence that the telechelic chains had ample time to sample the
interface multiple times before significant reaction occurred. As stated above, we
believe that further investigations involving monitoring the reaction at anneal times
shorter than 15 minutes will help shed light on the ambiguousness of this situation.
C. Effect of Telechelic Molecular Weight
A plot of the interfacial excess versus reaction time for all molecular weights
studied for the epoxy-amine reactive pair system can be seen in Figure 4.21. The
general trend in this figure is that copolymer formation from lower molecular weight
telechelics leads to higher interfacial excesses at the longest annealing time. As
discussed in section 3.5B of Chapter 3, self consistent mean field theory calculations
by Shull and Kramer108 predict that lower molecular weight copolymer at immiscible
polymer interfaces can reduce the interfacial tension more than higher molecular
weight telechelics at a given interfacial coverage. Interfaces covered with lower
molecular weight telechelics are also more susceptible to thermal fluctuations than
interfaces covered with higher molecular weight copolymers. More interfacial area
could be realized by an interface perturbed by thermal fluctuations and decreased
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interfacial tension at a given reaction time. As telechelic molecular weight increases,
the interface is less susceptible to roughening due to thermal fluctuations and the
chemical potential barrier to further reaction, in terms of the entropic penalty that a
chain must pay to stretch and reach the copolymer covered interface increases, and,
thus, total interfacial coverage at a given reaction time decreases with increasing
molecular weight.
While the general trend of increasing interfacial excesses and interfacial
coverages with decreasing molecular weight holds for both the epoxy-carboxy and
epoxy-amine reactive pair systems, it is interesting to note that at each telechelic
molecular weight studied, the epoxy-amine reactive pair samples always display
significantly higher interfacial excesses than the epoxy-carboxy reactive pair samples
at the corresponding molecular weight. By examining Figures 3.17 and 4.16, the
volume fraction profiles at the longest anneal times for the 50K telechelic molecular
weight telechelic samples for the epoxy-carboxy and epoxy-amine reactive pairs
respectively, and the interfacial width values tabulated in Tables 3.2, and 4.2, it
should be noted that while the maximum peak intensity of the interfacial region is
actually slightly higher for the carboxy-epoxy reactive pair system, the overall
interfacial widths of the epoxy-amine system samples are much larger. This
relationship holds for all molecular weights studied for the two systems. This larger
interfacial width of the epoxy-amine reactive pair systems translates into a higher
interfacial excess at the longest annealing time for each telechelic molecular weight
studied as well, even though the reaction progresses much more slowly in the case of
the epoxy-amine reactive pair systems. We believe this discrepancy can be explained
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by the difference in the copolymer architectures created during the in situ reaction of
the different reactive end group pairs. For the case of the epoxy-carboxy reactive pair
system, each epoxy end group on a dPS telechelic molecule can react with only one
carboxy end group of a PMMA-COOH monochelic chain. The epoxy-amine system,
however, offers the possibility of two epoxy groups reacting with each single amine
group, forming copolymers with a three-arm star-type architecture. This multiple
reactivity could explain the large interfacial excess values obtained for the epoxyamine system, especially at low molecular weights. If more of the telechelics can
react at the interface with the same amount of PMMA as in the epoxy-carboxy system
case, the interfacial excess should be correspondingly higher, as is observed here.
Also, this star-type architecture results in copolymer molecules with a higher PS to
PMMA monomer ratio. This increased PS content of the copolymer could facilitate a
higher solubility, or at least a higher affinity, of the copolymer for the bulk PS phase
of the bilayer system. Thus, the increased interfacial width of the epoxy-amine
reactive pair system samples relative to the epoxy-carboxy system samples at a given
molecular weight could be explained by some of the copolymer formed at the
interface in the epoxy-amine systems moving away from the interface and into the
bulk phase of the PS layer. While it is beyond the scope of this work to determine if
the star-type copolymers are actually soluble in the matrix PS, this migration of the
copolymer molecules into the matrix PS could be through single chain migration due
to solubility or copolymer micelle formation followed by diffusion into the bulk PS
phase. Either way, the large molecular weight of the matrix PS (~600K g/mol)
should retard the migration of the copolymer chains to such an extent that any
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copolymer chains/micelles that do move away form the interface could not move very
far on the time scales probed in this work, and thus we see only a broadening of the
interfacial area and not surface segregation or homogenous mixing of the copolymer
throughout the entire PS layer.
Another possible explanation for the expected increase in copolymer
interfacial excess, interfacial coverage, and interfacial width with decreasing
copolymer molecular weight is related to the extent that the interfacial tension in an
immiscible polymer blend is affected by the addition of a copolymer surfactant at the
interface. As copolymer surfactant molecules are formed at the interface between
two immiscible polymers, the interfacial tension is expected to decrease. If the
interfacial tension of an immiscible polymer blend is driven to zero (or below), a very
corrugated interface may form, where the interface may consist of a microemulsion of
small droplets of each homopolymer phase in a matrix of the other homopolymer,
which are stabilized via a corona of the copolymer surfactant chains. This highly
corrugated or microemulsified interface leads to both increased interfacial excesses
and coverages, as there is more interface present to allow copolymer formation, as
well as an increase in overall interfacial width. This reasoning has been used to
explain the increased interfacial area seen in similar immiscible systems. We
calculate the theoretical interfacial excess values at which the interfacial tension is
expected to go to zero using Equations 3.7-3.9, as described in Chapter 3. Figures
4.27 and 4.28 are plots of interfacial excess versus the ratio of the change in
interfacial tension to the initial interfacial tension for each of the telechelic molecular
weights studied here for both the epoxy-amine and anhydride-amine reactive pair
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Figure 4.27. The ratio of the change in interfacial tension by the initial interfacial
tension versus normalized interfacial excess for each telechelic molecular weight
studied in the epoxy-amine reactive pair system.
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Figure 4.28. The ratio of the change in interfacial tension by the initial interfacial
tension versus normalized interfacial excess for each telechelic molecular weight
studied in the anhydride-amine reactive pair system.
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systems, respectively. This plot predicts that the 3.5K, 10K, 40K, 50K, 80K, and 90K
molecular weight telechelic samples will reach an interfacial tension of zero at
normalized interfacial excess values of 0.88, 1.29, 1.91, 1.99, 2.22, and 2.28,
respectively. Comparing these values to the interfacial excesses at the longest anneal
time for each of the samples in Figures 4.21 and 4.22 yields some interesting results.
For the epoxy-amine reactive pair system samples, it should be noted that for
all telechelic molecular weights studied, the critical interfacial excess above which
the interfacial tension should be reduced to zero has been reached at the longest
anneal time. We cannot, however, be certain that the interfacial tension has been
reduced to zero without directly monitoring the interfacial morphology in these
systems. Transmission electron microscopy would allow elucidation of the exact
interfacial morphology in the systems studied, to verify if, in fact, the interfacial
tension has been reduced to zero and a microemulsion or highly corrugated interface
has formed. However, the fact that interfacial excess and interfacial coverage
decreases with increasing telechelic molecular weight agrees with the above analysis.
If the interfacial tension has been reduced to zero or below for all samples
studied in the epoxy-amine reactive pair system, it would be expected that
microemulsion or micelle formation would result in similar interfacial widths for all
telechelic molecular weights studied. However, closer inspection of the interfacial
width values tabulated in Table 4.2 for the epoxy-amine reactive pair samples shows
that the interfacial width actually decreases with increasing molecular weight. We
believe this anomaly can be explained by the same copolymer architecture argument
used to explain the fact that the epoxy-amine reactive pair system displayed higher
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interfacial excesses for all molecular weights studied than did the epoxy-carboxy
reactive pair system samples. If star-type copolymers are being formed at the
interface between the PS and PMMA layers that have a higher affinity for the matrix
PS portion of the sample and thus, migrate into the PS layer, the size of these star
type copolymers that are being formed will have an effect on the diffusion times of
either individual chains or copolymer micelles into the PS matrix. Higher molecular
weight copolymers will diffuse more slowly into the PS matrix layer, causing both a
decrease in extent of reaction and total interfacial width in a given reaction time, than
will lower molecular weight copolymers. This should manifest itself in higher
interfacial excesses, interfacial coverages, and interfacial widths with lower
molecular weight telechelics and corresponding copolymer molecules, at a given
reaction time, and this is what is observed in the data for the epoxy-amine reactive
pair system samples.
The case for the anhydride-amine reactive pair system samples is very
different from the other two reactive pairs studied, however. It should be noted that
only the 90K telechelic molecular weight sample is above the theoretical interfacial
excess value above which the interfacial tension should be reduced to zero. The fact
that the 90K telechelic molecular weight sample displays a higher interfacial excess
than either of the lower molecular weight telechelic samples at all reaction times
investigated cannot be easily explained by any of the theoretical treatments
considered here. Further investigation into the nature of this discrepancy is warranted
in order to elucidate the mechanism of this reaction process for the anhydride-amine
reactive pair system. It is interesting that for the lower telechelic molecular weights
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studied, the interfacial excess values at the longest reaction times are still below the
theoretical values for the interfacial tension to go to zero, even though the total
interfacial widths, shown in Table 4.2 and represented graphically in Figure 4.26, are
similar to those seen in the epoxy-carboxy reactive pair system samples investigated
in Chapter 3. The maximum intensity of the interfacial peak in the volume fraction
profiles at the longest anneal time, however, is vastly different for the two lowest
telechelic molecular weight studied for the anhydride-amine system when compared
to either the epoxy-carboxy or epoxy-amine reactive pair systems, while the
maximum peak intensity for 90K telechelic molecular weight sample is similar to
those found for the other reactive pair system samples. We believe this variation in
the maximum peak intensity in the volume fraction profiles of the lower telechelic
molecular weight telechelics in the anhydride-amine reactive pair system can be
explained by the same microemulsion argument used to explain the 3.5K telechelic
molecular weight sample results in Chapter 3. If a microemulsion is forming as
annealing progresses, the interface between the PS and PMMA would become more
diffuse as the microemulsion formed, due to the fact that there is less deuterated
material concentrated at any given sample depth, z, within the sample. This should
result in a lower dPS peak maximum in the scattering length density and volume
fraction profiles, yet the maximum peak value should be realized over a broader range
of sample depth, which is what is observed in these samples. As theory predicts that
lower molecular weight copolymers should lead to a greater reduction in interfacial
tension, the formation of a microemulsion would not be unexpected in the two lower
telechelic molecular weight samples of the anhydride-amine reactive pair system,
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even though the experimentally determined interfacial excesses are not below the
theoretical values below which the interfacial tension is predicted to go to zero.
Further TEM studies would allow determination of whether or not a microemulsion
is, in fact, forming in these samples, and in turn, whether experimental evidence
supports the theoretical treatment of interfacial tension proposed by Shull.
D. Reaction Kinetics
For the case of the epoxy-amine reactive pair system samples, for all
telechelic molecular weights studied, the kinetics of the in situ interfacial reaction
does not appear to be diffusion-controlled, as many of the current theories of
polymeric interfacial reactions suggest. There are several facts that support this
statement. As was previously discussed, the fact that no significant reaction is
detected after a 15 minute anneal, especially for the lower molecular weight
telechelics, was the first inclination that the process of interfacial reaction in these
systems is not diffusion-controlled. As was the case for the epoxy-carboxy reactive
pair system, we also attempted, during the data fitting procedure, to add a depletion
layer, a layer near the interface that has a lower telechelic volume fraction
characteristic of a diffusion-controlled reaction, to all fits of our data and, in all cases,
we were unsuccessful as this layer would go to zero thickness or equilibrate with an
SLD matching that of the bulk polystyrene layer, as the iterative fitting process
progressed. Finally, we compared our interfacial excess versus reaction time results
to the theory of interfacial reaction kinetics proposed by Fredrickson and Milner.72 A
complete description of the Fredrickson and Milner theory of polymeric interfacial
reaction kinetics, which describes the interfacial reaction process in terms of three
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distinct regimes with the first and fastest regime dominated by diffusion-controlled
kinetics, can be found in section 3.5D of Chapter 3. In Figures 4.29-4.31, we have
plotted the kinetics of each of the telechelic molecular weight samples as predicted by
the Fredrickson-Milner theory with the experimental data collected for each sample
of the epoxy-amine reactive pair system. It is evident that in all cases the
Fredrickson-Milner theory grossly overestimates the kinetics of the interfacial
reaction process. Thus, based on this, along with the above arguments, we are
confident that the interfacial reaction between epoxy endcapped PS telechelics and
PMMA-NH2 in a bilayer PS/PMMA system that we have investigated is not a
diffusion-controlled process.
In the case of the amine-anhydride reactive pair system samples, the data
presented does not prove definitively that the reaction process is not diffusioncontrolled. When fitting the initial reflectivity data, however, a depletion layer could
not be fit to the data for any of the telechelic molecular weights studied, a strong
indicator that the process is not diffusion-controlled. Yet, in Figures 4.32-4.34, we
have plotted the kinetics of each of the telechelic molecular weight samples as
predicted by the Fredrickson-Milner theory with the experimental data collected for
each sample, and the theory estimates the kinetics of the interfacial reaction process
for the anhydride-amine reactive pair samples fairly well. However, other studies on
a similar system using monochelics to form diblock copolymer molecules at a
PS/PMMA interface found the reaction to progress much more slowly and to have
absolutely no diffusion-controlled character. As we have already stated that the
experiments carried out in this work have missed the early stages of the reaction
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Figure 4.29. The experimentally determined normalized interfacial excess versus
annealing time for the 3.5K molecular weight telechelic sample in the epoxy-amine
reactive pair system along with the Frederickson-Milner theoretical predictions for
this system.
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Figure 4.30. The experimentally determined normalized interfacial excess versus
annealing time for the 50K molecular weight telechelic sample in the epoxy-amine
reactive pair system along with the Frederickson-Milner theoretical predictions for
this system.
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Figure 4.31. The experimentally determined normalized interfacial excess versus
annealing time for the 80K molecular weight telechelic sample in the epoxy-amine
reactive pair system along with the Frederickson-Milner theoretical predictions for
this system.
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Figure 4.32. The experimentally determined normalized interfacial excess versus
annealing time for the 10K molecular weight telechelic sample in the anhydrideamine reactive pair system along with the Frederickson-Milner theoretical
predictions for this system.
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Figure 4.33. The experimentally determined normalized interfacial excess versus
annealing time for the 40K molecular weight telechelic sample in the anhydrideamine reactive pair system along with the Frederickson-Milner theoretical
predictions for this system.
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Figure 4.34. The experimentally determined normalized interfacial excess versus
annealing time for the 90K molecular weight telechelic sample in the anhydrideamine reactive pair system along with the Frederickson-Milner theoretical
predictions for this system.
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process for the anhydride-amine reactive pair systems, further experiments would be
beneficial in resolving the ambiguity of whether or not the reaction process of the
anhydride-amine reactive pair system is dependent on the diffusion rate of the
telechelic molecules.
While it is clear, at least for the epoxy-amine reactive pair system, that the
reactions studied here are not diffusion-controlled, a more quantitative measure of the
kinetics of the interfacial reaction process is still desired. Attempts to quantify the
kinetics of the reaction process began with an attempt to determine the reaction rate
constants using Jiao’s modification of Kramer’s purely reaction controlled model of
interfacial polymeric reactions. This analysis proved unsuccessful for both reactive
pair systems investigated here, as it did for the epoxy-carboxy reactive pair system
discussed in Chapter 3 as well. We hope the discussion presented previously in this
chapter as well as in Chapter 3 is convincing in the fact that there are many additional
factors, including telechelic molecular weight, copolymer architecture, resultant
interfacial morphology, reduction in interfacial tension, and the reactivity of the
polymer end groups, that must be accounted for in a unified theory of in situ
copolymer formation at immiscible polymer interfaces to accurately model
experimental results.
Thus, while we could not determine the quantitative reaction rate constants for
the systems studied here, a qualitative understanding of the kinetics of the reaction
that is taking place in our systems was still desirable. In order to do this, the
evolution of the interfacial excess with annealing time was fit using an equation that
allows the determination of two parameters, % and 0, which provide a qualitative
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measure of the speed and extent of reaction, respectively. The equation that we used
to calculate these values can be seen in Equation 4.14 below.61
#t (
z*
%
= "'1# e $ *
&
)
Rg

(4.14)

0 is a measure of how quickly the reaction reaches a steady state and % is a measure

!
of the maximum interfacial
excess that the system obtains at steady state. The values
that we obtained from these fits can be seen in Table 4.4. Plots of % versus telechelic
degree of polymerization, N, for both the epoxy-amine and anhydride-amine reactive
pair systems can be seen in Figures 4.35 and 4.36, respectively, and plots of 0 versus
N for both the epoxy-amine and anhydride-amine reactive pair systems can be seen in
Figures 4.37 and 4.38, respectively.
In the case of the epoxy-amine reactive pair system, for all telechelic
molecular weights studied, the % values, listed in Table 4.4 and represented
graphically in Figure 4.35, are similar to the maximum interfacial excess values
measured at the longest anneal times as seen in Figure 4.21. This quantification, in
conjunction with the qualitative observation that the values of interfacial excess
plateau with increasing annealing time in Figure 4.21, offers further evidence that the
reaction has reached or is very near steady state within the maximum 72 hour anneal
time studied here. The values of 0, listed in Table 4.4 and represented graphically in
Figure 4.36, that are calculated for each telechelic molecular weight also support this
conclusion as 0 is never more that 20 hours for any of the telechelic molecular
weights studied. In the discussion of the % and 0 values calculated for the epoxycarboxy reactive pair system discussed in Chapter 3, it was stated that the reaction
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Table 4.4. Tabulated values of % and 0 calculated for each telechelic molecular
weight of the two reactive pair systems studied.
Telechelic Molecular Weight (g/mol)

% (Normalized Interfacial Excess)

0 (Hours)

Epoxy-Amine Reactive Pair System
3.5K
50K
80K

10.0
2.6
2.4

18.4
16.8
14.6

Anhydride-Amine Reactive Pair System
10K
40K
90K

1.4
1.2
2.1

0.004
0.005
0.20
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Figure 4.35. The calculated % values, a qualitative measure of the maximum
interfacial excess that a system may reach, as a function of telechelic degree of
polymerization, N, for the epoxy-amine reactive pair system.
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Figure 4.36. The calculated % values, a qualitative measure of the maximum
interfacial excess that a system may reach, as a function of telechelic degree of
polymerization, N, for the anhydride-amine reactive pair system.
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Figure 4.37. The calculated 0 values, a qualitative measure of the time required
for a system to reach its maximum interfacial excess, as a function of telechelic
degree of polymerization, N, for the epoxy-amine reactive pair system.
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Figure 4.38. The calculated 0 values, a qualitative measure of the time required
for a system to reach its maximum interfacial excess, as a function of telechelic
degree of polymerization, N, for the anhydride-amine reactive pair system.
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time necessary to reach steady state increases with telechelic molecular weight, based
on the free energy barrier argument that the entropic penalty for an unreacted chain to
adopt a stretched conformation to enter a partially formed copolymer brush increases
with molecular weight. It can be seen in Figure 4.35 that % actually decreases with
increasing molecular weight for the epoxy-amine reactive pair system samples. We
believe this discrepancy can be explained by the same argument used in section 4.5B
above to explain the fact that, for all molecular weights investigated, the epoxy-amine
system displayed higher interfacial excess values than the epoxy-carboxy system at
the corresponding molecular weights. This was explained by the fact that the startype copolymer morphology created by the reaction of two epoxy group chain ends
with a single amine group could lead to copolymer molecules that would have a
higher affinity for the PS matrix side of the interface and may begin to diffuse away
from the interface into the bulk PS matrix layer. Copolymer molecules formed from
lower molecular weight telechelics would be able to diffuse more quickly away from
the interface and thus, more reaction would be able to take place at an interface
modified with lower molecular copolymer in any given reaction time. Higher
molecular weight telechelics would lead to higher molecular weight copolymer that
would take longer to diffuse away from the interface after it has formed which would
lead to less copolymer formation and thus, a decreased reaction time in order to reach
steady state or completion. The data for the epoxy-amine reactive pair system
samples supports this conclusion.
The % values calculated for the anhydride-amine reactive pair system samples
are listed in Table 4.4 and represented graphically in Figure 4.38. The values of %
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calculated for each telechelic molecular weight studied are again similar to the
interfacial excess values measured for each sample at the longest anneal time, as was
the case for both the epoxy-carboxy and epoxy-amine reactive pair systems,
signifying that the reaction to form copolymer in the anhydride-amine reactive pair
system samples has reached steady state or neared completion during the reaction
times investigated in this study. The 0 values calculated for the anhydride-amine
reactive pair system samples are listed in Table 4.4 and represented graphically in
Figure 4.37. The 0 values are significantly lower than those of the epoxy-carboxy and
epoxy-amine samples, with all of the values falling well below one minute. The 0
values, however, are similar to the calculated diffusion times for the telechelics at the
top of the PS film to sample the PS/PMMA interface listed in Table 4.3, signifying
that some portion of the telechelic chains are able to encounter the interface multiple
times before the reaction reaches completion. Thus, this analysis suggests, along with
the fact that we could not fit a depletion layer to the anhydride-amine reactive pair
system data, that the reaction of anhydride and amine functionalized polymer end
groups to form copolymer surfactant molecules at polymeric interfaces is not a
diffusion-controlled process. This ambiguous data further supports the notion that
more investigation of the anhydride-amine reactive pair system is necessary.
4.5 Conclusions
The effect that altering the end group functionality of the reactive chains on
the in situ interfacial formation of blocky copolymer was investigated using neutron
reflectivity. We have shown that the reactivity of the reactive pairs has a huge effect
on the kinetics of the interfacial reaction of telechelics to form blocky type copolymer
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surfactants. For the epoxy-amine reactive pair system, the reaction process was
determined not to be diffusion-controlled. Kinetic behavior with reaction rate
controlled character, along with dependence on several other parameters, was
expounded. This was supported by the fact that the reaction kinetics were vastly
different when the telechelic molecular weight was held constant and only the
functional groups were varied from epoxy-carboxy to epoxy-amine. The nature of the
controlling mechanism of the anhydride-amine reactive pair system kinetics,
however, could not be definitively elucidated through this study, and thus, we cannot
say whether the reaction is limited by the diffusion of the telechelic molecules to the
interface. The anhydride-amine reaction showed the fastest kinetics, followed by the
carboxy-epoxy and epoxy-amine systems, respectively. While the total interfacial
widths at the longest anneal times were similar for the epoxy-carboxy and anhydrideamine systems, the interfacial excesses were greater for the epoxy-carboxy system.
This is attributed to a potential difference in the interfacial morphology that results
from the two reactions, with the anhydride-amine modified interface possibly
displaying microemulsion or micelle formation. Also, while it showed the slowest
kinetics, the epoxy-amine system also showed the highest interfacial excesses with
respect to molecular weight. This has been attributed to the fact that each amine end
group on a PMMA chain can react with two epoxy end-capped PS chains, leading to a
star-type copolymer morphology that would subsequently lead to more dPS present in
the modified interfacial region.
The ultimate goal of this research is to determine the feasibility of applying
the concept of molecular loop formation to compatibilization efforts on filled
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polymeric nanocomposite systems. To this end, the next stage of this research is to
determine if polymeric loop formation is possible on model hard surfaces is possible,
and if so, understand the parameters that govern the loop formation process. Thus,
we have concluded that the epoxy-carboxy reactive pair system is the best system to
use to begin investigating this process. The epoxy-carboxy system is the most “wellbehaved” of the three systems studied. The inherent multiple reactivity of the amine
groups with the epoxy functionalities was found to complicate the interfacial reaction
process inasmuch as they allow the formation of copolymer molecules with multiple
morphologies. Also, the time scales necessary to form interfacial copolymer in the
epoxy-amine system calls into question the system’s industrial usefulness. The
anhydride-amine system suffers from several problems as well. The fact that the
interfaces modified with low molecular weight copolymer formed form the reaction
of amine and anhydride groups appear to be fairly symmetrical calls into question
whether triblock copolymer, and subsequently loops, are being formed or whether the
reaction is producing mainly diblock copolymer molecules. Taking all of these
observations into consideration, it is believed that the carboxy-epoxy reactive pair
system shows the most promise of forming interfacial molecular loops on an
industrially reasonable time scale, and thus, this system was chosen to continue this
project and begin the investigation of molecular loop formation on hard surfaces, the
results of which will be discussed in Chapter 5.
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Chapter 5
THE BINDING OF TELECHELIC POLYSTYRENE ON AN EPOXY
FUNCTIONALIZED SURFACE
5.1 Motivation
As the discussion in Chapter 1 has shown, we have concluded that loop
formation at the interfaces within an immiscible polymeric system is important to the
most efficient compatibilization of that system, including filled polymer
nanocomposites. The interfaces between the matrix polymer and filler particles must
be strengthened and the filler particles dispersed sufficiently for the desired property
enhancement promised by blending to be realized. We believe that loop formation on
filler particle surfaces will allow entanglement with the matrix polymer chains,
ultimately leading to increased compatibilization. An understanding of the reaction
conditions that lead to loop formation on hard surfaces is required, however, to
determine if this process could be industrially feasible. While there has been a great
deal of both theoretical73,74,128-134 and experimental104,129,135-142 studies on the formation
of polymer brush layers formed via grafting-to and grafting-from reactions of
monochelics on surfaces, little investigation has been carried out on the formation of
multiply bound polymer chains on surfaces. Thus, we set out to determine if polymer
loop layers could be formed at all on surfaces, what reaction parameters govern this
reaction if it is possible, and what parameter optimization could improve loop
formation on surfaces. We believe that this fundamental study will offer insight into
the industrial feasibility of loop formation compatibilization in filled polymer and
nanocomposite systems.
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We began investigating the application of this idea of loop formation to the
compatibilization of polymer-solid interfaces through the study of a model system
consisting of a silicon substrate, an epoxy-terminated multilayer, and dicarboxy
terminated polybutadiene and polystyrene to characterize the kinetics and formation
of surface bound molecular loops. We used several surface sensitive techniques,
including ellipsometry, goniometry, and XPS to study the process of loop formation
on our sample surfaces.
5.2 Experimental
Epoxysilane functionalization layer formation was carried out on cleaned
silicon substrates following the procedure outlined in section 2.5 B. For all samples
made, the silicon substrates were cleaned prior to use by placement in a hot piranha
solution (3:1 fuming sulfuric acid/30% hydrogen peroxide) for one hour. Upon
removal, the substrates were rinsed with nanopure water, cleaned in nanopure water
in an ultrasonic bath for 20 minutes, rinsed again with high-purity water, and dried
with dry nitrogen. Ellipsometry measurements of the thickness of the oxide layer
were immediately taken, and then the substrates were placed in a nitrogen-filled glove
box and immediately placed into a 1% vol. solution of 3-(glycidoxypropyl)
trimethoxysilane in toluene, where they remained for 24 hours. Substrates were
subsequently removed from the silane solution, washed three times each with ethanol
and toluene, ultrasonically washed in ethanol for 20 minutes, rinsed again with
ethanol, and finally dried under a stream of dry nitrogen. The thicknesses of the
epoxy silane layers were then immediately measured by ellipsometry.
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Polymeric loop formation was carried out as discussed in section 2.5 B. The
polymers used in this study, along with pertinent molecular weight information, are
given in Table 5.1. The various polybutadiene and polystyrene solutions studied were
spun cast from a 2% by weight solution in toluene at 2500 rpm for 30 seconds onto
the epoxy functionalized and unfunctionalized wafers. Samples were then annealed
for various amounts of time at 150°C under vacuum. Once the annealing was
complete, all samples were sonicated in toluene for twenty hours to remove any
unbound polymer, rinsed with toluene, and dried under nitrogen. The samples were
stored in a dry atmosphere under a slight vacuum until further characterization was
completed.
5.3 Results
A. Silane Binding Layer Formation
Initially, the project was started with the hope of obtaining monolayers of 3(glycidoxypropyl) trimethoxysilane on the silicon substrate surfaces. However, all
initial attempts to form monolayers resulted in layer thicknesses well above that
expected for a monolayer of 3-(glycidoxypropyl)trimethoxysilane. Also, initial
contact angle measurements were higher than the published value for an epoxy
endcapped monolayer. Therefore, this data indicates that formation of monolayers
from trimethoxy silanes on silicon oxide surfaces is difficult at best143, and we were,
in fact, producing multilayers. Yet, work by Yoshida et. al suggested that there most
likely existed at the surface of our silane multilayer enough epoxy functionality to
continue the investigation.144 Thus, a silane concentration of 1.0% vol. in toluene
was used to produce the multilayers, as this concentration gave the most reproducible
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Table 5.1. Molecular weight characteristics of the polymers used in this study.
Polymer

Mn (g/mol)

Mw (g/mol)

PDI

PB-diCOOH

5 400

8 300

1.52

PB-COOH

5 400

5 600

1.04

PB

100 000

200 000

2.00

PS-diCOOH

23 600

24 500

1.04

PS-COOH

27 500

29 600

1.07

PS

118 000

306 000

2.59
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silane layer thicknesses. A monolayer of 3-(glycidoxypropyl) trimethoxysilane was
calculated to produce a thickness of approximately 0.85 nm. The 1.0% vol. silane
concentration produced silane thicknesses consistent with between one and seven
silane layers. Lower and higher concentrations gave erratic thicknesses, some below
the calculated thickness of even one layer. The measured contact angle of 57±1° of
our silane modified samples is in good agreement with the proposed multilayer
formation. The reported literature value for the contact angle of water on a epoxy
endcapped monolayer is 52°104, while pure hydrocarbons give water contact angles of
approximately 105°.145 It is possible, through the use of the Cassie equation92, shown
as Equation 5.1, to estimate the amount of a particular functional group present on a
surface, through the measurement of the surface contact angle.

cos" = f a cos " a + f b cos " b

(5.1)

In the Cassie equation, 'a and 'b are the contact angles of a surface of pure a and b

!
functionality, respectively,
' is the measured contact angle, and fa and fb are the area
fraction of a and b functional groups present at the surface, respectively. Thus, if a
surface consists of two distinct functionalities, and the contact angle for a surface of
each pure functionality is known, the amount of either functional group present on the
mixed surface of interest can be determined. In our case the water contact angles of
the pure hydrocarbon and epoxy functionalities are known, and thus, based on our
measured water contact angle of 57º, the Cassie equation revealed that our silane
multilayer functionalized surfaces contain ~92% by area epoxy functionality. We
were confident that this degree of functionality was sufficient to continue the
investigation.
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XPS data also confirmed the formation of a silane multilayer with surface
epoxy functionality. A splitting of the carbon peak, shown in Figure 5.1, implies that
there are both C-C and C-O bonds present at or near the surface of the sample,
confirming the presence of the epoxy functionality. Luzinov et. al. also determined
that a monolayer of 3-(glycidoxypropyl) trimethoxysilane gave a Si/O/C ratio in the
XPS spectra of 1/1.2/0.68.104 XPS analysis in this case gave the Si/O/C ratio in the
XPS spectra as 1/0.78/0.65. This makes sense, as there should be less oxygen at the
surface due to less epoxy functionality, if a somewhat disordered silane multilayer
was formed.
B. PB Loop Formation
Initially, we began this study using polybutadiene (PB) telechelics and
monochelics. Five different PB solutions, shown in Table 5.2, were spin-coated onto
epoxy functionalized and unfunctionalized silicon substrates, annealed for 24 hours,
and sonicated for 20 hours in toluene to remove unbound polymer chains. We found,
however, that the nearly all of the PB was adhering to our silicon substrate, according
to thickness measurements, even in the absence of a silane binding layer and carboxy
functionality on the PB. These results can be observed graphically in Figures 5.2 and
5.3. We suspected that the double bonds present in the PB chains were reacting with
the silicon oxide and/or the epoxy silane binding layer, as even the unfunctionalized
PB was adhering to our substrates upon annealing. We also suspected that the PB
was crosslinking due to the fact that nearly all of the PB remained on the substrates,
even after the 20-hour toluene sonication. We attempted to prove that the PB was
crosslinking during the annealing process by annealing bulk, unfunctionalized PB
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Figure 5.1. A plot of the XPS carbon peak for the epoxy silane multilayer on silicon.
The splitting of the peak implies that there are both C-C and C-O bonds are present at
or near the surface of the sample, confirming the presence of the epoxy functionality.
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Table 5.2. Various polymer solutions used in this study. All solutions were made as
2% by weight total polymer solutions in toluene for spin-coating.
Polymer
Solution
100%
unfunc.
PB
100%
monochelic
PB
100%
telechelic
PB
30%
monochelic
PB
30%
telechelic
PB
100%
unfunc.
PS
100%
monochelic
PS
100%
telechelic
PS
30%
monochelic
PS
30%
telechelic
PS

% wt.
unfunc.
PB
100

% wt.
monochelic
PB
-

% wt.
telechelic
PB
-

% wt.
unfunc.
PS
-

% wt.
monochelic
PS
-

% wt.
telechelic
PS
-

-

100

-

-

-

-

-

-

100

-

-

-

70

30

-

-

-

-

70

-

30

-

-

-

-

-

-

100

-

-

-

-

-

-

100

-

-

-

-

-

-

100

-

-

-

70

30

-

-

-

-

70

-

30
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Figure 5.2. A graph of the polybutadiene layer thickness on unfunctionalized silicon
both after a 24 hour anneal at 150°C and after a subsequent 20 hour sonication in
toluene to remove unbound polymer.
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Figure 5.3. A graph of the polybutadiene layer thickness on epoxy functionalized
silicon both after a 24 hour anneal at 150°C and after a subsequent 20 hour sonication
in toluene to remove unbound polymer.
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(Mn=200 000 g/mol) at 150°C for four hours under vacuum. The resulting polymer
was no longer soluble in toluene, thus confirming our suspicion that a crosslinking
reaction was, indeed, taking place. It was concluded that the unsaturation in the PB
chains afforded too much reactivity to continue its use for this project. Polystyrene
(PS) was chosen to continue the investigation, as it is stable up to at least 150°C and
no interchain reactions occur at the temperatures used in this study.
C. PS Loop Formation
Five different PS solutions, shown in Table 5.2, were spin-coated onto an
unfunctionalized silicon substrate, annealed for 24 hours, and sonicated for 20 hours
in toluene to remove unbound polymer chains. The resulting thicknesses are reported
in Figure 5.4. The same five solutions discussed above were spin-coated onto epoxy
functionalized silicon substrates, annealed for various times, and then sonicated in
toluene for 20 hours. The water contact angles of the films were measured both after
the initial annealing times and after the 20-hour sonication and the results for the
contact angle measurements can be seen in Table 5.3. All of the bound layers formed
from telechelic PS solutions and the 100% monochelic PS solution were then placed
in methanol, a polar solvent that should be a preferential solvent for the carboxy
moieties, for 14 days at ambient conditions, dried with nitrogen, and the water contact
angles were measured again. The resulting contact angles can be seen in Table 5.4
and are depicted graphically in Figure 5.5. Thickness measurements were also made
on the samples after annealing but before the sonication step, and in all cases, the
thicknesses of the 100% functionalized PS samples were ~70 nm and the thicknesses
of the 30% functionalized PS samples were ~90 nm. The difference in the thicknesses
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Figure 5.4. A plot of the layer thickness for the five PS solutions studied on
unfunctionalized silicon both after a 24 hour anneal at 150˚C and subsequent 20 hour
sonication in toluene. No appreciable polymer is left after the sonication step.
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Table 5.3. Water contact angle measurements, measured in degrees, for the four
reactive PS solutions studied both after annealing and after subsequent sonication in
toluene.

After annealing

After sonication

110±1
108±2
111±1
110±1
106±2

91±1
89±1
89±1
91±1
90±1

109±1
110±1
109±1
110±2
108±1

89±1
90±1
91±2
91±1
91±1

1 h anneal
24 h anneal
48 h anneal
72 h anneal
96 h anneal

107±1
111±1
109±2
108±1
110±1

88±1
89±1
88±1
88±1
89±1

30% telechelic
1 h anneal
24 h anneal
48 h anneal
72 h anneal
96 h anneal

105±1
108±1
110±1
107±2
108±1

90±1
90±2
90±2
90±1
89±1

100% monochelic
1 h anneal
24 h anneal
48 h anneal
72 h anneal
96 h anneal
30% monochelic
1 h anneal
24 h anneal
48 h anneal
72 h anneal
96 h anneal
100% telechelic
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Table 5.4. Water contact angle measurements, measured in degrees, for the annealed
and sonicated telechelic PS samples after soaking in methanol for 14 days. The
contact angle measurements decreased after methanol treatment, suggesting that
unreacted carboxy functionality is present in the samples and can be coaxed to the
surface using proper polar solvents.

After annealing, sonication, and methanol
bath
100% telechelic
1 h anneal
24 h anneal
48 h anneal
72 h anneal
96 h anneal
30% telechelic

71±1
78±1
79±1
80±1
80±1

1 h anneal
24 h anneal
48 h anneal
72 h anneal
96 h anneal

72±1
75±1
76±1
76±1
80±1
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Figure 5.5. A plot of the measured water contact angles of the samples after 14 days
in methanol at ambient conditions.
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of these layers can be attributed to the large difference in the molecular weights of the
functionalized and unfunctionalized polymers used in this study. After sonication to
remove the unbound polymer, the dry layer thicknesses were again measured and the
thickness measurements for all samples can be seen in Figure 5.6.
5.4 Discussion
A. Initial PS Study
Our first experiment with polystyrene (PS) was intended to determine if it
would give a similar response to that seen with the PB system. There was no
appreciable polymer, from any of the five solutions studied, remaining on the
unfunctionalized substrates after annealing for 24 hours followed by sonication in
toluene. This can be seen represented graphically in Figure 5.4. We also performed a
similar test with unfunctionalized PS placed on an epoxy functionalized silicon
substrate and found no appreciable polymer left after the annealing and sonication
procedure. Thus, we were confident that any remaining polymer still on the
functionalized substrates after annealing and sonication would be a direct result of the
reaction of the epoxy groups on the silicon surface with the carboxy moieties on the
PS chain ends.
B. Contact Angle Analysis of PS Loop Formation
Note, in Table 5.3, that the contact angles of the annealed samples, before
toluene sonication, are higher than those expected for a pure PS layer. This led us to
believe that the phenyl substituents of the PS chains were not presenting at the
surface, but were situated toward the bulk of the film with the hydrocarbon backbone
of the surface PS chains lying nearer to the surface of the film. After the 20-hour
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Figure 5.6. A plot of the PS layer thicknesses for the 4 reactive PS solutions studied
after various annealing times followed by a 20-hour sonication in toluene.
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sonication, however, the resulting contact angles were all near 90º, the expected value
for a pure PS surface. The fact that the water contact angles are so high after toluene
sonication suggests that there is little or no carboxy functionality at the surface of the
film.
Although initial contact angle measurements suggested there was no
appreciable carboxy functionality present on the sample surfaces after the final
toluene sonication step, further experiments were carried out to determine if there
were any unbound carboxy functionalized chain ends in the bulk of the film that
could be coaxed to the surface. We suspected that toluene, a nonpolar solvent, was
not a good solvent for the polar carboxy end groups and that it may have been forcing
any unreacted carboxy moieties away from the film surface and into the bulk. Thus,
we soaked the samples in methanol for 14 days at ambient conditions, and the results
can be seen represented graphically in Figure 5.5. The contact angles did, in fact,
decrease for all of the telechelic samples studied. This decrease in contact angle with
methanol treatment would not be expected for the layers formed from monochelics as
there should be no unreacted end groups present in the film after toluene sonication,
and thus, this was also attempted. As expected, the water contact angles for the
monochelic samples did not appreciably decrease after the methanol treatment. These
two observations suggested that the telechelic samples contain unreacted carboxylic
acid chain end groups that were not present in the monochelic samples. The presence
of unreacted carboxy end groups led us to believe that we were forming layers that
were possibly composed of both loops and tails, “tails” being chains that have reacted
on only one end with the epoxy functionalized surface. Figure 5 also provides
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evidence, however, that suggests that more of the singly bound tails react to form
more loops with increased reaction time. The contact angles of all of the telechelic
samples, as can be seen in Figure 5.5, increased with increasing annealing time,
suggesting that more of the carboxylic acid end groups are reacting with time, thus
forming more loops. Both the 30% and 100% telechelic samples level off at a contact
angle of ~80˚ at the longest anneal times, suggesting the reaction has reached or
neared completion. This is in good agreement with our thickness data, shown in
Figure 3.6, which also levels off at longer anneal times for the telechelic samples.
This data also agrees very well qualitatively with simulations carried out on similar
systems, which found that free chain ends of chains that had reacted at only one end
at early reaction times do, indeed, find there way to the surface and react to form
loops later in the reaction.146 Thus, it was concluded that there were unreacted
carboxy-terminated PS chain ends still present in the film, and some of these are
undoubtedly unreacted end groups of chains that have reacted with the functionalized
surface only once. We attempted to quantify, based on the measured water contact
angles, the amount of surface carboxy functionality present in our samples, again
through the use of the Cassie equation. This analysis gives carboxy moiety surface
concentrations of ~17% at the longest anneal times studied, using the measured
contact angle of 80˚ at the longest anneal times. While we did expect the remaining
unreacted end groups of the singly bound chains within our systems to depress the
water contact angles somewhat, this calculated value of the carboxylic acid moiety
surface concentration seems a bit too high for our system. We believe this
discrepancy can be explained through a “trapped” chain argument. Kiff et al.,
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studying the migration of dPS with fluorinated end groups to the air interface from a
hydrogenated PS matrix using neutron reflectometry, found that as the loop layer is
forming, not all of the bulk PS is expelled from the forming loop layer. These results
are also supported by theoretical calculations performed by Shull that show that, even
for the dry brush regime of surface layer formation, not all of the matrix polymer
chains are fully expelled from the growing brush layer due to the high free energy
penalty that would result from the abrupt concentration gradient that would be
formed.73,74 Thus, as telechelics are able to form loops across the model surface,
these bulk chains that are still in the growing layer could become “trapped” in the
dense loops that are being formed and not be washed out during the toluene-cleaning
step. If some of these trapped chains were completely unreacted telechelic chains, as
some of the chains would inevitably be if this argument holds, then the carboxy end
groups of these unreacted chains would also be coaxed to the surface during the
methanol treatment, depressing the measured contact angle below the value expected
for carboxy moieties only from singly bound telechelic chains.
C. Thickness Measurements of PS Loop Layers
After 24 hours of reaction time, the monochelic samples always displayed a
greater thickness than the telechelic samples, as can be seen in Figure 3.6. The
thickness of the telechelic samples leveled off after 24-48 hours at ~10 and 12 nm for
the 30% and 100% telechelic PS samples, respectively, and remained the same even
up to 96 hours of reaction time. The thickness of the monochelic samples continued
to increase for each annealing time studied up to 96 hours, with thicknesses just under
16 nm for both the 30% and 100% monochelic samples, respectively, at 96 hours of
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reaction time. These thicknesses are a bit higher than expected for a grafted-to dry
brush formed from a 25-30 K g/mol MW monochelic PS polymer on a planar
monolayer epoxy functionalized surface. Luzinov et al. measured the thickness of a
layer formed from 29K g/mol molecular weight monochelic PS on a monolayer
epoxysilane surface as 8-9 nm.104
We believe that the disorganization of our epoxysilane multilayer, as opposed
to a well ordered monolayer, allows the formation of a three dimensional epoxy
network that can be accessed by the carboxylic acid reactive PS chain ends. This
increase in surface epoxy functionality available for reaction has a significant impact
on the reaction process as it has been shown that the reaction between these two
functionalities follows reaction rate controlled kinetics in similar polymeric
systems.51 In all cases this increase in surface functionality should lead to a higher
grafting density than expected for the monolayer functionality case. In the case of the
monochelic and telechelic samples, this increase in grafting density should lead to
more of an extended conformation of the chains in the PS layer, which would
manifest in greater layer thicknesses such as we observe. We also placed bulk PS
(Mn=120 000 g/mol) in contact with the PS functionalized surfaces under slight
pressure and vacuum for 24 hours at 100°C, and no wetting of the brush/loop layers
was achieved during this process. The fact that bulk PS would not wet the PS
functionalized surfaces even under pressure and heat for 24 hours supports this more
dense layer argument.
If our dense layer argument layer holds true, we must assume that the grafting
density is fairly high for our system. In this case, theory for the attachment of single
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end functionalized chains at surfaces predicts that a brush layer formed from a
solution containing a polymer matrix “solvent” with a degree of polymerization, P,
greater than N1/2 but still low enough not to be expelled from the brush layer, where N
is the degree of polymerization of the functional chains, should have a thickness, h,
that is proportional to N and the segment length of the polymer chains, a, as shown in
Equation 5.2.147
1

h ~ N 2a

(5.2)

This is known as the “unstretched brush layer” regime. The P and N values

! hold for the 100% monochelic and telechelic samples in this
that define this regime
study as the functionalized chains are the only chains present in the sample, and thus,
N and P are equal. From the relationship shown in Equation 5.2, one would expect
the thickness of a layer formed from telechelics to scale as (N/2)1/2, as the doubly
bound chains would behave as singly bound chains of roughly half the MW.
Assuming the same grafting density, this would lead to a layer formed from
telechelics that is roughly 70% as thick as a layer formed from monochelics. Even
though our overall layer thicknesses in all cases are higher than predicted by theory,
and we attribute this to a more extended chain argument as discussed above, the
relationship shown in Equation 5.2 seems to agree well with the data we have for the
layers formed from 100% monochelic and telechelic solutions. The thicknesses of
the layers formed from telechelics at the longest anneal times that we studied are
~75% of those measured for the layers formed from monochelics at the longest
anneal times. The slight discrepancy from the expected 70% value could be
attributed to the trapped chain argument introduced in section 5.4 C. In our case,
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these trapped chains, assuming some were unreacted telechelic, would result in not
only a decrease in the water contact angle due to more unreacted carboxylic acid
groups, which we see in our telechelic samples, but an increase in the overall layer
thickness, which we also see in all the telechelic samples investigated.
The results we see for the layers formed from 30% monochelic and 30%
telechelic solutions in the unreactive higher molecular weight PS matrix, however,
show different behavior, as can be seen in Figure 5.6. As discussed above, for the
case of the 100% monochelic/telechelic samples, the solvent “matrix” polymer
molecular weight is equal to the molecular weight of the reactive chains, as telechelic
chains are the only chains present in the system. In the case of the 30%
monochelic/telechelic solutions, the matrix polymer molecular weight is much higher
than the molecular weight of the reactive chains. This large discrepancy in molecular
weight could lead to the forming brush layer not being wet by the high molecular
weight matrix polymer chains, leading to a “dry brush” situation. The relationship
between the thickness of a brush layer formed from monochelics and the degree of
polymerization , N, of the reactive polymer chains for the dry brush situation can be
seen in Equation 5.3.147

h ~ Na"

(5.3)

In Equation 5.3, / is the grafting density of the chains in the brush layer. Thus, if this

!
theory holds for the system studied here, the thickness of a loop layer formed from
telechelics would be 50% of that for a brush layer formed from monochelics. For the
case of the layers formed from 30% monochelic and 30% telechelic polymer
solutions in this study, our results show that the telechelic layer thickness is ~63% of
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that of the monochelic layer. This is lower than the 70% expected from theory for the
“unstretched brush layer” regime, but higher than the 50% layer height expected for a
telechelic layer as opposed to a monochelic layer as predicted by theory for the “dry
brush” regime. While it is beyond the scope of this study to determine whether or not
these layers formed from 30% telechelic or monochelic polymer solutions lie within
the “dry brush” regime, if they do, the deviation from the expected 50% decrease in
layer height in going from a monochelic to a telechelic layer could possibly be
explained by the same trapped chain argument as discussed above for the 100%
telechelic/monochelic samples. More investigation is necessary, however, to
determine the exact nature of these brush/loop layers in terms of the regimes that are
currently defined by self-consistent mean field and scaling theory of polymer brush
layer formation, or whether the current state of these theories is sufficient for
describing telechelic loop layer formation at all. It is obvious, however, that matrix
molecular weight does play a significant role in the loop layer formation process.
5.5 Conclusions
The experiments that are described in this chapter reveal that polymeric
functionalization layers composed primarily of multiply bound polymer chains,
referred to as polymer loops, can be created on model silicon surfaces. We were, in
fact, able to modify a functionalized silicon substrate with a polymer layer containing
molecular loops formed by multiply bound polymer chains, with the reaction nearing
completion at ~48 hours at 150°C. The formation, in general, of these layers is not
difficult, but a complete understanding of the process parameters that govern the
optimization of this loop layer formation has still proven elusive. The formation of
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these loop layers agrees qualitatively with simulation studies on similar systems.146
As stated earlier, this work was carried out with highly functional three-dimensional
epoxy silane binding layers and we believe that the amount of available binding sites
strongly influences the loop layer formation, as it is a kinetics driven process. The
loop layers we formed have been shown to be fairly dense, and we suggest that the
density of binding sites can have a great effect on the density of the polymeric layer
formed. More experiments in this area to understand the role that surface
functionalization density and morphology play may lead to better control of the
density of the loops formed on modified surfaces. Varying this parameter could offer
the ability to tailor the density and related properties, such as wettability, to a variety
of application specific needs. We believe that the variation of the measured contact
angles of the surfaces and the overall layer thicknesses from those predicted by theory
can be explained by a “trapped” chain argument. We have also shown that matrix
molecular weight does play a significant role in the loop layer formation process. If
the goal is to further reduce the number of singly bound tails within the loop layer, it
seems intuitive that reducing the concentration of reactive polymer available in the
system could lead to more loop and less tail formation. However, a trade off with
reaction time would inevitably occur. The contact angle measurements in
conjunction with the Cassie equation analysis offer some insight, albeit qualitative,
into the ratio of loops versus tails within a sample layer. Thus, a study to determine
the interfacial strength improvements gained by the formation of loop
functionalization layers as a function of annealing time, and consequently, loop
content of the layer, could offer insight into how many loops are truly necessary to
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facilitate strong interfaces, an often used measure of the compatibilization capacity of
any interfacial modifier. It is our hope that these results, along with further studies,
will lead to the application of this surface loop formation technique to real composite
systems, such as layered-silicate filled or carbon nanotube filled polymer composites.
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Chapter 6
CONCLUSIONS AND FUTURE WORK

6.1 Final Conclusions
The experiments carried out in this study have investigated the parameters that
govern the reaction of telechelic polymers at surfaces and interfaces to form multiply
bound polymeric loops. The first set of experiments sought to understand the kinetics
of, resultant interfacial morphology due to, and the essential parameters that control
the reaction of telechelic polymers at a soft interface between immiscible polymers.
In many ways, the process of loop formation through the reaction of telechelics
behaves similarly to the case of in situ interfacial diblock copolymer formation from
monochelics. While we have evidence that the process is more of a reaction rate
controlled phenomenon, we have elucidated several parameters, including telechelic
molecular weight and the magnitude of the reduction in interfacial tension, that
appear to play a role in the kinetics of the interfacial reaction process. For this reason,
we believe, no current theory of the reaction process fits our data well. We have
shown that copolymers formed from smaller molecular weight telechelics produce a
higher reduction in interfacial tension, as evidenced by the larger interfacial widths, at
modified interfaces relative to higher molecular weight telechelics. The interfacial
excesses measured at the longest annealing time for the smaller molecular weight
copolymer samples (<80K g/mol telechelic molecular weight) are all above the
theoretical value at which the interfacial tension should be zero. This leads us to
believe that these interfaces modified with low molecular weight telechelics are more
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susceptible to thermal fluctuations, leading to more copolymer formation and triblock
copolymer chains that are able to pack more tightly at the interface, and consequently,
a greater reduction in the interfacial tension. It is beyond the scope of these
experiments, however, to determine whether or not the interfacial tension has actually
been reduced to zero or below. We also found that the interface was asymmetrical
with respect to the PS and PMMA sides of the interface, with the PS side of the
interface showing much more broadening. This is attributed to the fact that we have
loop formation. Loops formed on the PS side of the interface can adopt numerous
configurations with the loops in various states of elongation, leading to a broader
distribution of deuterated material being present farther from the interface. This
phenomenon has not been seen in the case of in situ diblock copolymer formation at
PS/PMMA interfaces. In these diblock cases, the interface is relatively symmetrical,
and thus, we attribute the asymmetrical broadening in our case to loop formation.
The effect that altering the end group functionality of the reactive chains on
the in situ interfacial formation of blocky copolymer was also investigated. In the
case of the epoxy-carboxy and epoxy-amine reactive pair systems, in all cases the
reaction process was determined not to be diffusion-controlled. Kinetics behavior
with more reaction rate controlled character, along with dependence on several other
parameters, was expounded. This was supported by the fact that the reaction kinetics
were vastly different when the telechelic molecular weight was held constant and
only the functional groups were varied. The controlling mechanism of the interfacial
reaction of the anhydride-amine reactive pair system could not be unambiguously
elucidated, however. The anhydride-amine reaction showed the fastest kinetics,
216

followed by the carboxy-epoxy and epoxy-amine systems, respectively. While the
total interfacial widths at the longest anneal times were similar for the epoxy-carboxy
and anhydride-amine systems, the interfacial excess was much greater for the epoxycarboxy system. The lower telechelic molecular weight samples of both the epoxyamine and amine-anhydride reactive pair systems showed similar interfacial widths
but lower dPS peak maximum values in the volume fraction profiles. This is
attributed to possible microemulsion formation due to a large reduction in the
interfacial tension in these systems, a phenomenon predicted by theory for interfacial
copolymer compatibilization schemes. Also, while it showed the slowest kinetics, the
epoxy-amine system also showed the highest interfacial excesses with respect to
molecular weight. This has been attributed to the fact that each amine end group on a
PMMA chain can react with two epoxy end-capped PS chains, leading to a non-linear
copolymer that would subsequently lead to more copolymer present at the modified
interface.
The formation of multiply bound polymer chains on solid surfaces was also
examined using a model system of telechelic polystyrene and an epoxy functionalized
silicon substrate. We have shown that we were, in fact, able to modify a
functionalized silicon substrate with a polymer layer containing molecular loops
formed by multiply bound polymer chains, with the reaction nearing completion at
~48 hours at 150°C. The water contact angle of the surfaces increases with
increasing annealing time, suggesting that more of unreacted carboxy end groups are
reacting and forming more loops with increased reaction time. Contact angle
measurement analysis suggests that at the longest reactions times studied, more than
217

80% of the surface area is covered with PS chains as opposed to unreacted chain
ends, leading us to believe that we have many loops as opposed to tails present in the
surface layers. The grafting density appears to be fairly high in these systems as PS
loop modified surfaces annealed while in contact with bulk PS were unable to be wet
by bulk PS chains. This is attributed to the increased grafting density afforded by the
disordered three-dimensional morphology of the epoxysilane functionalization layer
on our silicon surface. More experiments in this area to understand the role that
surface functionalization density and morphology play may lead to better control of
the density of the loops formed on modified surfaces, which could have implications
in the tuning of certain surface properties such as wettability and tribological
capacity. Qualitatively, the formation of these loop layers, in general, seems to agree
well with simulation studies carried out on similar systems. It is our hope that these
results, along with further studies, will lead to the application of this surface loop
formation technique to real composite systems, such as layered-silicate filled or
carbon nanotube filled polymer composites.
6.2 Future Work
We feel that the work presented in this document is a good foundation for
understanding the parameters that govern molecular loop formation at both polymeric
interfaces and hard surfaces through the reaction of telechelic polymer chains.
Further work is needed, however, to understand the full implications of the results of
the work presented herein.
First and foremost, additional neutron reflectivity studies on the epoxy-amine
and anhydride-amine reactive pair system samples could further elucidate when the
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onset of reaction begins in each of these systems as well as clarify how the reaction
progresses in the early stages. Careful study of reaction times between 1-15 minutes
and 4-24 hours for the anhydride-amine and epoxy-amine reactive pair systems,
respectively, would allow the determination of these critical reaction characteristics.
Techniques that allow the direct imaging of the interfaces in the systems
studied here, such as transmission electron microscopy (TEM), could offer insight
into the full significance of the loop formation at soft interfaces results presented
here. Whether interfacial tensions have been reduced to zero as evidenced by
microemulsion formation at the modified soft polymer/polymer interfaces could be
elucidated by TEM, as well as whether the hypothesized differences in the interfacial
morphology of the epoxy-carboxy and anhydride-amine systems actually exists.
Initial TEM studies have already been initiated in our lab toward this end. While we
suggest that matrix molecular weight plays a role in the kinetics of the interfacial
reaction process, neutron reflectivity studies involving varying the matrix molecular
weight and the annealing temperature would also help to further elucidate the exact
effect that these parameters have on the reaction kinetics of the loop formation
process. Understanding more exactly the effect that each of these parameters plays in
the kinetics of the reaction process could offer insight into forming a more
comprehensive theoretical treatment of the kinetics of in situ interfacial reaction of
functionalized polymer chains to form copolymer molecules.
Several other investigations would also help further clarify the results
presented here on the formation of loop functionalization layers on hard surfaces.
Several of these studies are already currently underway in lab. Theoretical treatments
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of the formation of polymer brush layers on surfaces from monochelics in the melt
suggest that there is an inverse matrix molecular weight dependence on the kinetics of
the process. Studies in our lab are currently investigating whether this relationship
holds for loop formation from telechelics as well. Other studies in our lab have been
undertaken to understand the role that reaction temperature and surface functionality
density plays in the kinetics of the formation of loops on surfaces as well.
Investigation of the trapped chain argument used to explain the higher than expected
loop layer thicknesses discussed in Chapter 5 could be carried out though a
straightforward neutron reflectivity experiment. Hydrogenated telechelics could be
reacted on a functionalized surface, sonicated to remove unbound polymer, and then
investigated with neutron reflectivity. If deuterated material were detected in the
polymer layer after reaction and sonication, the trapped chain argument would be
validated. By varying the degree of surface functionality, as described earlier, the
direct ability to alter surface properties such as wettability and tribological capacity
may be realized. Further neutron reflectivity studies on the formation of surface
bound molecular loops should offer further insight into the kinetics and resultant
morphology of the loop layers as well. Also, towards the ultimate goal of
compatibilizing polymer nanocomposite materials through the formation of filler
particle surface bound molecular loops, interfacial strength testing between
functionalized model surfaces and bulk polymers will allow the determination of the
interfacial strengthening capacity, i.e. the compatibilization capacity, of these surface
bound polymeric loop layers.
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